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Globorotalia assemblages are studied from Pliocene deposits in Crete
(Greece), Italy, the Gulf of Mexico region, and New Zealand. In each
assemblage counts and measurements were performed on 10 test characters.
The taxonomy is based on (1) biconvex or planoconvex shape, (2) "growth"
patterns of size ratios, (3) frequency distributions of discrete characters on
the test. Attention is given to the treatment of such quantitative data.

The assemblages have been collected in five groups named after typologi-
cally defined species: (1) margaritae group, (2) crassaformis group, (3) punc-
ticulata group, (4) bononiensis group, and (5) inflata group. Each group is
illustrated by means of a number of scanning electron microscope photo-
graphs; some attention is drawn to wall structures.

The puncticulata, bononiensis, and inflata groups occur in stratigraphic
order; the ranges do not overlap. In Crete an incidental morphological
transition was observed between the bononiensis group and the inflata
group.

In the Mediterranean the association of the margaritae group and the
puncticulata group is restricted to the Lower Pliocene (Tabianian). The
puncticulata group ranges slightly higher in the stratigraphic column than
does the margaritae group. The upper part of the range of the puncticulata
group, the total range of the bononiensis group, and the lower part of the
range of the inflata group are indicative of the Middle-Upper Pliocene
(Piacenzian). The crassaformis group occurs throughout the Pliocene.

In the Gulf of Mexico region the puncticulata and bononiensis groups
were not observed. The occurrence of the margaritae group and the begin-
ning of the inflata group may be used for stratigraphic correlations.

The crassaformis group displays trends, but it may be doubted if the
zigzag path of this group is stratigraphically useful, except perhaps on a local
scale. Assemblages of a New Zealand G. crassaformis bioseries show no
resemblance to our crassaformis group.



The genus Globorotalia, belonging to the foraminiferal family of the
Globorotaliidae Cushman 1927, is defined as follows:

Test trochospiral, planoconvex to biconvex; chambers angular to ovate,
rarely spherical; wall calcareous, finely perforate, but periphery often with
non-porous keel or band; surface smooth, rarely coarsened; aperture interio-
marginal, extraumbilical-umbilical, with lip.

The genus defined in this way includes unkeeled "turborotaliid" forms,
which Loeblich and Tappan 1964 treat as belonging to Turborotalia Cush-
man and Bermudez (1949). Early growth stages of Globoro talia, with glo-
bose chambers, such as present in our 60-125 jJ.m sieve residues, may
resemble Globigerina. In general Globigerina has a more hispid, more coarse-
ly perforated test.

Some Globorotalia taxa play an important role in the biozonations that
were recently proposed for the Pliocene, and especially so in the Mediterra-
nean area. Some of the zonations are presented in the figs. 1 and 2. The
ranges of the relevant Globorotalia species have been entered. Some of the
zones have been recognized in the stratotypes of the Pliocene stages. The
larger part of the type Tabianian (Lower Pliocene) is equivalent to the
G. margaritae Zone (= G. hirsuta Zone of authors, see fig. 1, Iaccarino 1967).
The total G. margaritae zone seems to be useful on a worldwide scale, at
least in "warm water" deposits (fig. 2).

Since planktonic foraminifera are relatively scarce the type Piacenzian is
not suitable as a reference section for part of the Mediterranean Pliocene
plankton zonation. In the lower part of the stratotype G. puncticulata is
scarcely represented, whereas from the upper part some G. infiata specimens
have been reported (Barbieri 1967).

According to Colalongo and Sartoni (1967) these markers form part of
the lineage from G. puncticulata via G. puncticulata bononiensis to G. in-
fiata. These authors give no evidence of the morphological changes, or of
transitional stages. However, in the literature, a certain agreement exists on
the relative stratigraphic position of these taxa, but the relative ranges of
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Fig. 2 Zonal schemes and ranges of Globorotalia taxa in the Late Cenozoic of extra-Mediterranean
areas.

G. puncticulata (including G. puneticulata padana), and of G. puncticulata
bononiensis (= G. bononiensis ) differ from one zonation to the other.
According to Blow (1969) G. puneticulata would even start later than
G. inflata (fig. 2).

In New Zealand the end form of the Mio-Pliocene G. miozea lineage
would resemble G. puncticulata (Proc. C. M. N. S. Bologna 1967, pt. 2, p. 9).
This end form was originally described as G. crassaformis (Kennett 1966).
Barbieri (1967,1971), and Iaccarino (1967) report that G.puncticulataand
G. crassaformis occur together in N. Italy, and that both forms are possibly
related. This view probably originates from a different concept of the two
specIes.

A second Globorotalia lineage from the Mediterranean Pliocene, proposed
by Colalongo and Sartoni (1967), is that from G. hirsuta (= G. margaritae)
via G. hirsuta aemiliana to G. crassaformis. The general trend would be one
of flattening of the spiral side and of vaulting of the umbilical side. Conato
and Follador (1967) describe a similar trend with the species names G. cro-
tonensis - G. crassacrotonensis - G. crassaformis.

G. crotonensis would be synonymous with G. hirsuta aemiliana (Barbieri
1971). Other species names for relatively flat forms in the G. crassaformis
plexus are G. planoconvexa and G. crassula (fig. 1; Hug 1969, Iaccarino
1967). Recently, Lamb and Beard (1972) have described a "G. crassaformis
bioseries" from the Caribbean and the Gulf of Mexico (fig. 2). Regarding the
zonations of the literature (figs. 1 and 2) the relative ranges of each of the
named members of the G. crassaformis plexus appear to differ from one
author to the other.



Bolli (1968) calls in question the validity of the G. crassaformis lineage.
There would be much variation in the group, partly caused by environmental
adaptation.

In our opinion G. margaritae does not belong to the G. crassaformis
group, but to that of G. scitula. According to Banner and Blow (1967), see
also Parker (1967), the species would form part of the lineage from G. mar-
garitae via G. sp. aff hirsuta (= G. praehirsuta Blow 1969) to G. hirsuta.

In the light of the preceding data and opinions, the review of which is far
from complete, an attempt to unify the Italian Pliocene zonations as pro-
posed during and after the Bologna Congress seems rather premature (Prac.
C.M.N.S., Bologna 1967, pt. 2, p. 23; Cati eta!. 1968).

This was noted already by Ruggieri, Catalano and Sprovieri (1968), who
pointed out the discrepancies in the ranges of the Globorotalia species in five
Italian Pliocene zonations. Moreover, biostratigraphic data from the Sicilian
Pliocene would not fit in with the biostratigraphic framework of the Italian
peninsula; e.g. G. crassaformis would start its range earlier.

The observed discrepancies strongly restrict the stratigraphic applicability
of the markers. Ecologic susceptibilities of the species may have been
underestimated, but a great deal of the confusion seems to be due to the use
of different species concepts, all of which are on a purely typological basis.

The unsatisfactory results of the typological taxonomy have led us to a
biometric approach of the variation in Pliocene Globorotalia. Use was made
of differences in "growth" patterns of size ratios and of dissimilarities in the
relative frequencies of qualitative characters, such as apertural shape, pres-
ence of a keel, etc. Some attention was paid to the wall structures, visualised
at the end of the paper by scanning electron microscope photographs.

With the aid of our biometric methods five groups could be differentiated,
i.e. the crassaformis, margaritae, puncticulata, bononiensis, and inflata
groups. For a subdivision of the Mediterranean Pliocene the latter four seem
to be useful. The crassaformis group displays trends, but it may be doubted
whether these are stratigraphically useful, except perhaps for short distance
correlations.

Our study was primarily based on the diversified Globorotalia assemblages
found in the Cretan Pliocene sections. To establish the stratigraphic frame-
work comparison was made with the Uvigerina cretensis lineage (Meulen-
kamp 1969; Fortuin, in prep.). Secondly we analysed Italian Pliocene mate-
rial from classic sections, known from the literature. Finally attention was
given to some material from the Gulf of Mexico and New Zealand, mainly
because of the above-mentioned lineages with G. crassaformis as the end
form.



Our material numbered S 27800-27891 has been stored in the collections
of the Geological Institute of the Utrecht State University, together with the
complete account of the counts and measurements and the computer rou-
tines.

Biometrical studies on planktonic foraminifera are scarce. Among recent
biometrical studies dealing with Globigerina and Globigerinoides mention
should be made of Scott (1966, 1967, 1971), Lindenberg (1969) and
Cordey et al. (1970). The few studies known to the author that apply
biometrics to Globorotalia are discussed below. The reader who is interested
in a general introduction to the (paleo )biometricalliterature is referred to
Miller and Kahn (1962).

Schmid (1934) may have been the first author to attack the Globorotalia
morphology with quantitative methods on several parameters, i.e. length,
width, and thickness of the G. menardii - G. tumida tests. It appears that
G. menardii (d'Orbigny) and G. tumida (Brady) probably represent the mi-
crospheric and macrospheric generation of one species.

In 1964 Pessagno proposed a method for analysing the form of carinate
and pseudocarinate trochospiral foraminifera on the basis of measurements
of distances and angles in thin-sectioned free specimens. The methods are
applicable to keeled or angular Globorotalia, but not to turborotaliid forms,
because there is no carinate periphery for the drawing of the reference line.
In our opinion the thin section technique is too laborious and for our
material probably too inaccurate for a comprehensive study of the relatively
small and delicate Globorotalia specimens.

In 1966 Kennett published an analysis of a lineage leading to G. crassa-
formis in New Zealand Neogene rocks. Amongst other things a change would
take place from a conical to a dome-shaped test, documented by an increase
of the average "conical angle". This is the angle between the lateral surface
of the final chamber and the base of the last whorl. The disadvantage of this
parameter is that it can only be applied to specimens that are angular (not
rounded) at the periphery, and which have a rather straight lateral outline of
the chambers. Hence, Kennett only measured specimens with an angular
periphery. In chapter IlLS., dealing with New Zealand material (donation
Kennett), some comment on the lineage is given.

An original approach to one of the main goals of biometrics, i.e. a more
objective representation of the diversity was given by Berger (1969). He



introduced some geometrical models of basic building plans of planktonic
foraminifera in equatorial view, simulated by a computer-steered plotting
device. For spherical chambers that make a planispiral coil, three numbers
specify the basic shape of the test: (1) The ratio between successive chamber
radii, (2) the angle between the lines connecting the centre of the test to two
successive chamber midpoints, and (3) the amount of overlap between two
successive chambers, expressed by the difference between the sum of the
radii of the two chambers and the distance between their midpoints. None of
our indices closely resemble the basic parameters of Berger.



Measurements on Globorotalia specimens can be performed on the com-
plete tests or on oriented thin sections. This can be done directly under the
microscope or from drawings or photographs. In this study we adopted
direct measuring with an ocular micrometer on the complete fossils, since
this is the simplest and perhaps most accurate method.

The measurements were made with a Leitz binocular microscope equipped
with a cross stage, fixed on a rotating object stage. The enlargement used is
X 100. The unit of measurement amounts ~to 12.7 pm. The measurements
were rounded off to half a unit. Measuring errors thus amount to some
± 3 f.1m.

Generally 30-60 individuals were collected in an aselect manner from
each of the samples. Only the sieve residues larger than 125 f.1m were used. In
the 60-125 f.1m fraction specimens are frequently indistinguishable from
Globigerina, and the measured values of some parameters may approach the
error of measurements. The effect of sieve truncation, though demonstrable,
seems to be of little statistical significance for the final conclusions.

Fourteen parameters were tried out (see figs. 3-7). Ten of them proved to
be valuable for the discrimination of Globorotalia groups in our assemblages.
The presence or absence of a lip, the height of the n-3 chamber, the height of
the spiral side, and the height of the last chamber (fig. 6) were found to be
rather irrelevant to taxonomy, at least in our assemblages. Five are continu-
ous variables, i.e. they can take any value in a given interval. The other five
are discrete variables. The former five, which were measured with an ocular
micrometer, are discussed first.
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Orientation of the variables measured in equatorial view, parallel or perpendicular to the
reference line xx': b- width of the last chamber; B- width of the last whorl; L-length of the
last whorl.

Orientation of the variables measured in axial view, perpendicular to the reference line yy':
h- height of the last chamber; q- height of the periphery of the last chamber. For an
explanation of the position of the reference line, see text.

The periphery of the last chamber may be formed by a line perpendicular to the reference
line yy', in which case q is given the mean value of q, (minimum value), and q2 (maximum
value).

Variables which proved to be of little taxonomic value: I-radial length of the last chamber;
h4 -height of the n-3 chamber; p-height of the spiral side.

Apertures are classified into three groups: 1. (Highly) arched, rounded; the width is
distinctly less than 2.5 times the height. 2. Narrow, slit-like; the width is distinctly more
than 2.5 times the height. 3. Forms intermediate between a and b.



In equatorial (umbilical) view, with the specimens oriented horizontally
on their flattened spiral side we measured in each individual (fig. 3):

b the width of the last chamber
L the length of the last whorl
B the width of the last whorl

Band b run parallel to the reference line XXI, which connects the
peripheral points of the junction of the last chamber to the previous ones; L
is perpendicular to XXI. To facilitate measuring, XXI is made to be covered
by the spider line of the ocular micrometer.

In axial (peripheral) view, with the specimens mounted vertically on the
periphery and the aperture directed upward, we measured (fig. 4):

h the height of the last chamber
q the heigh t of the periphery of the last chamber

The parameters hand q were measured perpendicular to the reference line
yyl , which runs along the base of the last whorl. This line usually connects
the extreme points of the spiral suture as seen in axial view (fig. 4, I). If the
spiral suture is depressed the line yyl is tangential to the base of the chambers
of the last whorl (fig. 4, II). Occasionally the early part of the spiral suture is
poorly visible, e.g. in the margaritae group, in which case the line yyl is
situated parallel to the peripheral plane (fig. 4. III). If the periphery of the
last chamber is more or less truncated, q is given the mean value of ql
(minimum value) and q2 (maximum value), (fig. 5).

The following parameters give discrete values:

a - the number of chambers in the last whorl
A - the total number of chambers

In each sample the distribution of a values was investigated; a varies
between 3 and 6, and it was counted on the spiral side. If the first cham ber
of the last whorl partly belongs to the previous coil a has a broken value. In
practice it appeared impossible to estimate broken values of less than 1/4 of
a chamber. When clearly less than 1/4 or more than 3/4 is visible from the
ventral side, a is made the adjoining integer.

In several samples A was counted in order to find the growth relation
between A and several other parameters. Generally high refraction oil and a
stronger magnification (X 160) were used.



We adopted a simple classification with three classes for the form of the
aperture (fig. 7):

a. (Highly) arched, rounded
b. Narrow, slit-like
c. Intermediate between a and b, in which the width is approximately

2.5 times the height.

This classification is certainly not accurate, but it gives reliable results in
the comparison of extreme assemblages. In the counts per sample only the
apertural shape in the final, normally shaped chamber was taken into
account.

In each sample the number of specimens was counted that possess a keel,
i.e. a thickened imperforate rim along the periphery. No difference was made
between a keel and an imperforate peripheral zone, or between partly or
fully embracing keels and imperforate zones. Since thickening of the wall
may encumber the observation, the counts could not give accurate results.

In all samples counts were made of the number of specimens with sinistral
or dextral coiling. A specimen is coiled dextrally if the chambers are added
clockwise, seen from the spiral side. The counted numbers may be of
taxonomic value in combination with other features.

A special problem concerns the specimens possessing an "abnormally
shaped last chamber". A chamber is said to be abnormal if it is smaller, i.e.
lower and narrower than the previous one (plate 6, fig. 3). Increase in size of
successive chambers being the rule, an abnormal chamber evidently does not
reflect normal growth conditions. If measurements on such chambers were



to be included, the results would greatly add to the variation of an assem-
blage, but they would tend to obscure the size distributions outlined in the
next chapter. For this reason abnormal last chambers were removed before
measuring the variables of the individual.

In some samples it appeared difficult to distinguish between normal and
abnormal last chambers. The last few chambers may increase but little in
width and the last one may appear to be about as broad, as the previous one,
though higher (plate 6, fig. 9). If the chambers otherwise reflected normal
growth, the last one of such chambers was considered to be normally shaped.
Abnormal final chambers may furthermore be concluded from an anoma-
lously fragile wall and from the position in the coil, the chamber being
inserted higher than normally above the base of the last whorl.

In each sample counts were made of the number of specimens with
abnormally shaped final chambers. A method to eliminate measurements on
such chambers is treated in chapter II.4.3. (probability ellipses).

As mentioned in the preceding chapter the parameters can be divided into
continuous variables, L, b, B, h, q, and discrete variables, A, apertural shape,
presence or absence of a keel, and coiling direction; a is a pseudo-discrete
variable.

The discrete or pseudo-discrete variables, with the exception of A, are
independent of the size (age) of a specimen or nearly so. Anyhow no clear
relation to test size could be found. Therefore the processing of the data was
quite simple.

In addition to the expected intrapopulational and intraspecific variation -
which we are interested in - the measurements of the continuous variables
depend on the ultimate growth stage which the individual attained. In
practice the values of L, b, B, h, and q become greater with increasing test
size. This prevents us from drawing general conclusions from the comparison
of means based on the raw data. If possible, it is necessary to remove the
effects of the ontogenetic development (Gould 1970).

If mean values could be calculated from data of specimens in the same
growth stage, comparative studies would be correct. The problem is how to
select such equal-age individuals in a Globorotalia assemblage.

A possible solution would be to measure only those specimens with an



equal number of chambers (for instance A = 14). This is hard to realize since
the early chambers are' commonly not well visible, so that the number of
correct A observations would be too restricted in all samples in which
Globorotalia is not abundant. Moreover, the A distributions may exhibit
considerable shifts from one species to the other, which would hamper
standardisation.

A similar objection can be made against the second possible solution, i.e.
to consider only specimens with a standard diameter (e.g. 250-300 J1m), as
there are considerable differences in size frequency distributions between
samples.

Another way of eliminating the growth might be by combining variables
to ratios. However, if one wants to compare mean values of ratios several
conditions must be fulfilled (compare Shaw 1956, pp. 1212~1213):
a. It must be proved that the mean ratios have been drawn from isometric

growth patterns and not from allometric ones. In the latter the ratio
values would still depend on the growth stages.

b. The frequency distribution of a ratio must approximate the normal
distribution.

c. The rectilinear representation of the growth patterns must not display a
significant shift from the 0.0 origin in the grid.
In theory many variables will start with zero values. In practice it appears

that considerable deviations from this concept occur, probably because of
unobservable initial allometric growth. It will again be impossible to calcu-
late a valid mean ratio for the entire assemblage because each ratio value of
such an assemblage depends on the growth stage of the separate individual.

In this study it is not tried to remove the effects of the ontogenetic
trends. By recognizing them we will use the growth patterns - or rather, "the
patterns of size ratios" - as a discriminating factor, in combination with
univariate analyses of the counts.

In all samples counts were made for the frequency distributions of a, for
apertural shape, and for coiling direction. We also counted how many
specimens posses a keel and how many specimens have an abnormal last
chamber. All these data are grouped in the upper half of the tables 3 to 13
inclusive; the total body of these counts can be found in table 2.

In some cases the frequency distributions of a variable in two samples
were compared by means ofaX2 test in 2 X 2 contingency tables. The
calculation of x2 is given by Simpson et al. (1960, p. 187). The x2 value of



7.88 (p = 0.005) was adopted as significance level. This means that with X2

> 7.88 the probability (p) that the two samples do not differ in the distribu-
tion of the variable, amounts to 0.5% or less.

Next, in all samples mean values (m) and corresponding standard errors of
the means (a ill) were calculated for the diameter of the test l;2(L+B), the
width of the test B, the width of the last chamber b, the height of the last
chamber h, and the height of the periphery of the last chamber q (Algol
routine "LAFF GRADSTEIN"). In spite of the fact that these data are
generally growth dependent they proved to be useful to get an impression of
the variation and they are necessary for the calculation and use of the
reduced major axes (section 11.4.3).

Occasionally the simplified Student-t test (Simpson et al. 1960, p. 192)
was applied to the means of some variable. Significance levels are taken from
t> 2.58 (p. < 0.005, one-sided).

In all samples an analysis was made of size ratio patterns by means of
scatter diagrams of h/l;2(L+B), h/q, and biB. The first ratio expresses the
relative height of the test, the second one generally gives some degree of
roundness of the last chamber, whereas the third ratio illustrates the relative
width of the last chamber.

The reason for different meanings of h/q is the fact that q not only
depends on the degree of rounding of the periphery of the last chamber, but
also on the degree of plano convexity of the whole test.

In our material biconvex and planoconvex shapes are distinctly linked to
different groups. Thus the differences in background of q values did not
cause difficulties in interpretation.

All scatter diagrams were made by means of an EL-X8 plotting device
(Algol routine "STAJ PVF"). When values corresponding to a certain point
were observed more than once the number of these observations was plotted
close to that point. The use of translucent paper permitted easy study of the
degree of overlap of scatter fields. In order to minimize sampling errors the
number of observations per sample must be reasonably large, e.g. > 30.

If there is no overlap between scatter fields of two samples it may be
assumed that there is a significant difference in growth ratio or in size values,
or in both. In case of overlap criteria must be defined so as to be able to
conclude whether two samples could have been drawn from one Globoro-
talia population. Visually all our size ratio patterns display linear (isometric)
trends, and .the probability of positive correlation of the variables nearly



always amounts to more than 99.95% (p < 0.0005). For these reasons
scatter fields are represented by their reduced major axes, which lines give
the equations of best linear fit. The intensity of a relation was tested by
means of the coefficient of correlation (r), which coefficient must be
strongly positive (or negative) to give a reliable differentiation between the
Lm.a. of separate samples.

Before discussing this method of bivariate analysis a short review will be
given of some other approaches to the problem of defining scatter field
positions.

Probability ellipses: If scatter fields of several samples are compared,
simple contours may be drawn, which connect the extreme points in each
sample. The degree of overlap of the fields is indicative of the degree of
similarity. If the parameters are well correlated and each displays a more or
less normal distribution, conditions that will generally be fulfilled, we had
better use probability ellipses (Kotaka 1963; Hoel 1947, pp. 106-108).
However, no exact statements can be made with respect to the degree of
overlap between different ellipses.

With such ellipses scatter points outside the 95% probability contour (or
another contour) can be eliminated, which strengthens the validity of the
scatter field. We could have used such ellipses to reduce excess variation due
to abnormal last chambers. We preferred to eliminate such individual cham-
bers before measuring.

Rotation of axes: Size ratio patterns, in which x is not independent of y,
and which are parallel-oriented, may be tested for their relative position by
means of rotation of the original x- and y-axes. The new Xl axis was chosen
in the direction of maximal variation, which coincides with the longer axes
of the scatter fields. In the new grid the transformed x and y values are
independent, which enabled us to compare the means with the aid of the
Student-t test. Several scatter fields of the ratios hlq, h!Y2(L+B), and biB
were compared in this way (Algol routine "TWO DISC"). For reasons not
well understood no satisfactory results were obtained. The application is
limited because the required parallelism is rare.

Regression analysis: Regression lines, based on the least squares, assume
the presence of an independent and a dependent variable. This does not
apply to the variables in our size ratio patterns, which are all for the major
part dependent on growth time.

Best fit lines: A best fit line is a single line that gives the linear tendency in
a scatter field. It is the line that fits in best with the trend in the observed
data and as such it is well suited to define and compare positions of scatter
fields. The structural relation is expressed by the formula: y = d + k x, in



which d is the y- intercept value and k the slope or gradient. In curved
scatter fields use may be made of double log paper and allometric equations
(see Miller and Kahn 1962, p. 205).

Simpson, Roe and Lewontin (1960, pp. 232-237) recommend the use of
Bartlett's best fit line, y = ex + ~ x, in which a and ~ are to be estimated. The
observations are divided into three groups with equal numbers of individuals.
If the sample size is not divisible by three, the lowest and highest groups are
made equal in number. The slope of the best fit line follows from a simple
calculation, which uses the means of the groups with the lowest and highest
observations. It is assumed that this line also passes through the grand mean
of x and y, which means that the problem of fitting is solved.

In our study use is made of the best fit line named the reduced major axis
(r.m.a.), also referred to as the unique line of organic correlation. The
following discussion is taken from Imbrie (1956), Miller and Kahn (1962,
pp. 201-213), Ghose (1970), and Simpson et al. (1960, pp. 401-402).

The r.m.a. minimizes the sum of the areas of the triangles formed by lines
drawn from each point in the scatter field to the desired line y = d + k·x.
This is the same as minimizing the sum of the products of the x and y
deviations from this line of all points. The slope k follows from

k = Sy
sx

in which Sy and Sx are the standard deviations of y and x respectively. The
standard error of k, Sk, was calculated according to the formula

_Sy ~·1-r2
Sk -- --

Sx N

in which r2 is the square of the correlation coefficient (Simpson et al. 1960,
p. 240) and N the sample size.

The intercept d of the r.m.a. follows from

d=y-x.k

With the aid of the r.m.a. (Algol routine "LAFF-GRADSTEIN") scatter
fields were compared statistically for angular and lateral differences. The
hypothesis that the difference between k j and k2 of samples 1 and 2 is not
greater than that expected by chance is tested according to the formula

kj-k2
Zk =

y's2kj +s2k2



The corresponding probability (p) can be seen in tables of the normal
distribution. In general Zk = 2.58 (p = 0.005, onesided) was taken as
significance level. If visual inspection of two Lm.a. reveals the existence of a
distinct lateral difference in position, and Zk < 2.58, a test was sometimes
applied, on the chance that the two Lm.a. coincide at a point xo. The
formula is given by Imbrie 1956, p. 238,

Z - Xo (kj -k2 ) + (dj -d2 )

d - .J 2 ( -)2 + 2 ( - )2
Skj Xo -Xj Sk

2
Xo -X2

The significance level was taken as above. In fact this test combines
differences in k as well as in d.

The Lm.a. appeared to fit very well to almost all scatter patterns of our
three ratios. Nevertheless it cannot be applied in differ en tiation indis-
criminatel y.

First, in the case of the ratio h/q, the calculated value of k may be
somewhat too small, because h comprises a much higher number of classes
than q*. This underestimation is progressive with increasing divergence be-
tween the number of classes of h and of q, and with the resulting decreasing
positive correlation.

Example: In the Globorotalia assemblage of sample 848A, k of h/q is
clearly too small (fig. 20), the probability of a positive correlation is about
99.5%. In 817e, in which k is higher, the probability of a positive correlation
is more than 99.95%, and the fit of the Lm.a. is much better (fig. 20).

Secondly, it is assumed that random sampling errors are small, and may
thus be neglected. This only holds true if the assemblage is large enough and
if the correlation between x and y is very strong.

Example: From 848A the data on 30 specimens picked later were added to
those of the first set of 42 individuals. There is a fair consistence of the
measurements in h/Yz (L+B) and in biB (table 1). The probability that k of
h/Yz (L+B) in 848Ao1d differs from 848Anew is 52.6% (zk = 0.700), which
is far below any significance level. The only important deviation is found in
the :.m.a. values of h/q in both assemblages (table 1), due to the fact that in
848Ao1d the probability of a positive correlation of hand q is about 99%,
but in 848Anew less than 95%. The k values of both sets are highly
different, the probability of a difference in k is about 98% (Zk = 2.377).



Nevertheless, a test on the difference of the means of q gave a very low t
value (t = 0.216, P ~ 0.40).

When correlation is strongly positive, e.g. at a probability of 99.95%,
random sampling errors are negligible. For instance, a 50% increase in data
of JT 511 hardly affected the Lm.a. of h/q or of the other two ratios
(table 1); Zk in h/q ofJT 5110ld versus JT 5110ld + new is 0.144.

A third restriction to the use of the Lm.a. concerns the test on differences
in lateral position of two Lm.a. when k values of both Lm.a. are not
significantly different. This test takes the place of a test on the intercepts,
which generally will have little biological meaning, since with growth depen-
dent parameters we must assume that as a rule the Lm.a. passes through the
origin. Moreover, such a test will be rather inaccurate, as best fit lines must
be extrapolated beyond the field of observations to find the intercepts
(Imbrie, 1956, p. 237).

The weak point of the test on differences in lateral position of Lm.a. lies
in the fact that one has to be careful with the choice of xo. As an example
we consider the Lm.a. of h/q and biB in 849E and 848F (fig. 18). First Xo
will be chosen, within the range of measurements, near the minimum and
near the maximum values of Xo respectively, and secondly at KS 4 SF' The Zk

and Zd values are:

Zk Zd
h/q 0.56 6.0S (xo= 40 ILm)

20.29 (xo= xS4SP)
5.95 (xo= 100 ILm)

biB 1.11 5.34 (xo= lS0 ILm)

-S.60 (xo= xS4SP)
-1.69 (xo= 350 ILm)

The differences between the k values of 848F and 849E are not signifi-
cant. However, the lateral positions, i.e. the Zd values, are strongly deviating,
depending on the choice of Xo. According to Imbrie Xo may only be taken at
x\ or X2, if the observed differences in slope are slight and if)(2 is much
larger than Xl' Obviously these conditions are not fulfilled. Since the
formulation of these restrictions is vague it may be preferable not to choose
Xo at Xl or K2• For the rest it appears that the Lm.a. of h/q in 849E lies
significantly lower than the Lm.a. of 848F for both extreme Xo values. In
biB the probability of a lateral difference is not significant at 350 jJ.m, but
significant at 180 jJ.m, that is the reason why it is assumed that there is a
tendency for a difference. This is confirmed by data of comparable Globoro-
talia assemblages.



The above criticism on the applicability of the Lm.a. and on the possibili-
ty of statistical discrimination of scatter fields by means of the best fit lines,
is not meant to demonstrate that this analysis method is useless, but our
remarks point out certain mathematical limitations. In fact every statistical
model suffers from drawbacks mainly due to the fact that the assumptions
will only theoretically come true. According to our experience the Lm.a. can
very well be used when the (positive) correlation of the variables is high (e.g.
p < 0.0005) and when a reasonable number of observations is available (e.g.
N> 30). Differences in lateral position of two Lm.a. will be tested at both
the minimum and the maximum lateral distances, within the range of the
measurements.

So far it was assumed that the scatter fields of the size ratios of our
assemblages express the growth of the tests. Actually we are dealing with a
mixture of growth lines and variation at successive growth stages. It would
be time consuming and difficult to disentangle both effects. In order to get
an idea of the role of each of them, variables and size ratios were compared
at different growth stages. Two methods were employed.

First our quantitative variables 12(L+B), h, B, band q were plotted against
the total number of chambers A. The variable A is thought to correspond to
the age of a specimen, at least to represent growth steps.

Secondly several chambers of large specimens were broken off and the size
ratios h/q, h/12(L+B), and biB of each growth stage were plotted.

1. Figure 8 shows scatter diagrams of 12(L+B)/A and q/A, and fig. 9
frequency distributions of A, in some Globorotalia assemblages from the
Pliocene of Crete.

In all these assemblages, except for those where the positive correlation is
evident, the probability of a positive correlation was calculated between A
and the test dimensions 12 (L+B) and q respectively. Use was made of the
non-parametric rank correlation coefficient s of Kendall (see Miller and Kahn
1962, p. 289).

The probability (p) that no positive correlation is present is indicated
below; for instance, p = 0.04 means that the probability of a positive
correlation amounts to 96%.
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Fig. 9 Histograms showing the A distributions in assemblages of the crassaformis, margaritae,
puncticulata, and bononiensis groups, from Crete.

Group assemblage N

crassaformis 884N1 18
849C 37
848A 19

bononiensis 884Nz 49
849E 80

puncticulata 848F 39

margaritae 853Cz 23

Y2 (L+B)/A

s = 45, p = 0.05
s = 345, p < 0.005
s = 87, P <0.005

s = 396, P <0.005

q/A

s = 25, P > 0.05
s = 151, P = 0.024
s = 37, p > 0.05

s=194,p= 0.04
s = 80, p = 0.10

s = 169, P = 0.018

s = 43, p > 0.05

As expected, the diameter Y2(L+ B) is distinctly positively correlated with
the age of the specimens, or rather it increases with each growth step. Similar
results were reached for the variables b, B, and h.

Parameter q shows less distinct positive correlation with the successive
growth steps expressed in A. In 848F, 849C, and 849E the probability of a
positive correlation is 98.2%, 97.6%, and 96% respectively. In the other
assemblages it is much less than 95%.

The rather wide spread in Y2(L+ B), and q at individual A values reflects the
variation at successive growth stages.

The histograms in fig. 9 indicate that the mode of A in the samples
containing the bononiensis group, the puncticulata group and the margaritae
group is at 12-15. In the crassaformis group, A seems to fluctuate around 12
chambers. More data are necessary to confirm the general value of this
statement. There are no indications for bimodality of the A distributions due
to mixing of microspheric and macrospheric individuals. Actually no distinct
differences in protoconch size could be observed.
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2. In each of the samples 848F and 853C2 ten large specimens were
selected to be broken step by step. The size ratios of growth stages with
n(l), n-1(2), n-2(3) etc. chambers have been plotted in fig. 10. The figures
clearly illustrate both growth and individual variation. Especially in h/q of
853C2 the variation in growth pattern is considerable. Nevertheless, the
scatter fields of h/Yz(L+B) and h/q display positive correlation with a
probability of 99.5%.

A certain allometry may be present, for instance, in h/Yz(L+B) of 848F,
which is possibly due to the selection of large specimens only. Such allome-
try is but rarely manifest in the regular scatter patterns; it may be obscured
by the general variation.

The qualitative characters like the apertural shape, the presence of a keel,
and a did not show any relation to the growth stages.

The traditional species concept, based on the morphological standard of
the holotype with or without a cluster of adjoining, selected paratypes,
make such a species rigid and more or less arbitrary. This typological concept
tends to conceal the natural variability of a taxon which frequently can be
approximated very well by the normal (gaussian) probability distributions.
By means of such a quantitative approach of the morphological diversity, a
better insigh t is attained in to the real variability of a taxon.

Among the planktonic foraminifera, which display enormous variation in
space and time, the typological procedure has led to a chaos of taxa and
types. A description in quantitative terms, as proposed here for some
Pliocene Globorotalia groups, is better suited to delimit taxonomic units in
most planktonic foraminifera and to describe evolutionary changes.

However, this approach hampers clear comparison of our assemblages with
the conventional taxa; each of our units may overlap several of them. For
instance, in each of the four successive samples in the Francocastello Forma-
tion, Crete, only containing one homogeneous group of Globorotalia, several
typological species or subspecies may be recognized.

This introduces the difficulty of giving names to our units. We might have
abandoned the existing names, introducing a non-Linnean letter or number
classification (as advanced in a preliminary note, Gradstein 1971). Creation
of new Linnean taxa would be another solution, though a poor one.
However, it would prevent confusion because of different species concepts.

Yet another solution might be to collect enough topotype material of the



20 or more relevant species and subspecies for counts and measurements and
to establish acorn pletely new background to the existing names. However, it
is doubtful whether, in view of the numerous inadequate species descriptions
and obscure type localities, such a procedure would be successful.

None of these proposals seems satisfactory. Actually, it is quite well
possible to point out several "popular" species of the literature, like G. cras-
safo rm is, G. puncticulata etc., the "original" species concept of which is not
too far from ours. Our units mainly display a greater width of variation and
they include variants which would get different names on the basis of the
typological procedure.

Even without exact knowledge of the degree of overlap between our units
and the typological ones, it appeared reasonable and most practical to aim at
retention of five of the most relevant specific names. This procedure has the
advantage that we have a set of labels at our disposal for the results of this
study. In order to indicate the non-typological, but quantitative concept
underlying our taxa, the species names adopted are used with the qualifier
"group". In chapter IV.3. the relation between the conventional taxa and
our groups are dealt with.

Within three of our groups significant differences in primary or second
rank characters could be demonstrated. However, at the moment it is
doubtful whether these differences are due to general phylogenetic trends, or
to local environmental circumstances. Thus the interregional stratigraphic
value of such differences is speculative, for which reason we refrained from a
su bdivision in to smaller taxonomic units.

The obscure phylogenetic relationship of our Globorotalia groups and the
complex variation patterns of our observations without clear linear trends in
time, hamper a taxonomic discrimination by means of arbitrarily chosen
"exact" quantitative boundaries.

One these facts are established, we can try to cluster our large number of
Globorotalia assemblages on an empirical basis. Use was made of (1) the
general shape of the test and of the chambers, (2) the "growth" patterns of
size ratios, and (3) the frequency distributions of the qualitative characters.

On the basis of the shape of the test a distinction could be made between
assemblages with distinctly planoconvex and those with biconvex specimens.
The biconvex group ~ the margaritae group - may also be discriminated by
means of the patterns of h/%(L+B) and h/q, as outlined in the next chapter,



but this is rather superfluous considering the clear difference in shape of the
test with the other groups. The quantitative analysis is useful, however, when
assemblages within this margaritae group have to be compared.

A rough clustering method was applied to the planoconvex assemblages by
means of (1) the apertural shape, (2) the presence of a keel, (3) the number
of chambers in the last whorl (a-values), and (4) a subjective appreciation of
the general shape.

Next, these clusters were compared in their patterns of h/q, h/h(L+B),
and biB. The ratios h/q and, to a lesser extent, biB proved to be valuable for
a further differentiation of the taxonomic units. Thus, three clearly different
planoconvex groups are distinguished, together with a fourth one with rather
mixed features in the younger Pliocene. A short differential diagnosis is
presented in fig. 11, which figure illustrates the positions of the r.m.a. of h/q
and biB in our planoconvex groups. The areas are constructed graphically

Shape of Aperture IKeel Group of
the test Globorotalia

arched-slit inflata

plano (highly)arched bononie-nsis
convex arched (-slit) puncti culata

slit X crassaformis
biconvex sli t X mergor; toe

Fig. 11 Simplified differential diagnosis of the margaritae, crassaformis, puncticulata, bononiensis,
and inflata groups.



from fig. 40, which means that it is a compilation of data from about 45
assemblages (N > 30), from Crete, Italy, and the Gulf of Mexico.

From bottom to top the puncticulata, bononiensis, and inflata groups
occur in stratigraphic order, without overlap. The bononiensis group gave
rise to the inflata group. The margaritae group has about the same range as
the puncticulata group. The crassaformis group occurs throughout the
Pliocene.



In this chapter the results of counts and measurements are discussed. They
are based on 2362 specimens from 69 assemblages; 44 of them contain more
than 30 specimens. The assemblages have been derived from 26 samples in
seven Cretan sections, 21 samples in five Italian sections and three Italian
drillings, and five samples in submarine Gulf of Mexico deposits.

Remarks are given on assemblages in two more Italian sections, and in one
section from New Zealand.

Globorotalia specimens are only seldom abundant in our samples. In
general they constitute a minority in the planktonic foraminiferal asso-
ciation.

Fig. 12 Location of the Cretan sections, with reference to the studies containing the original
lithostratigraphic descriptions.

A short review of the sections and their biostratigraphic position in terms
of stages in the Uvigerina cretensis lineage (Meulenkamp 1969) will be



followed by a discussion of the observations on the Globorotalia group
(figs. 12-15,44).

Sections Asteri and Stavromenos (exp. 848, 849, and 884; fig. 13)
From field data it follows that these two sections, comprising about

100 m of yellowish Asteri marls, are probably immediately superposed
(Meulenkamp 1969). This is confirmed by the regular change in the S2
values in the assemblages of the u. cretensis group. In contrast to the original
data of Meulenkamp it appears that the basal marls in expo 848 do not
contain intermediates between u. cretensis and U. lucasi, but highly devel-
oped U. lucasi, merging into primitive U. arquatensis at about the level of
8480.

This means that the entire composite section would belong to the plio-
cene, even the basal part of 848. Out of 34 samples, 13 yielded Globorotalia
specimens. In 848A, E, F, 849C, E, 884N, and Q counts and measurements
were performed (table 3).

Section Viran Episkopi (Exp. 854; fig. 13)
From field data it follows that this section of Asteri marls, probably is a

lateral equivalent of the lower part of the section Asteri (Meulenkamp
1969). This assumption is supported by the presence of u. lucasi at the base
and u. arquatensis at the top. Six samples out of 15 yielded Globorotalia
specimens; two sam pIes, 854 D and J, were studied in detail (table 5).

Section Loutra (exp. 853; fig. 14)
This section consists of about 20 m of Dhramia marls, overlain by a thin

cover of Asteri marls. At the base of this section U. arquatensis is abundant
(Meulenkam p, pers. comm.), which presence indicates a Pliocene age of the
deposits. All three samples 853C, A, and B were studied biometrically
(table 5).

Sec tion Francocastello (exp. 817; fig. 15)
The Francocastello Formation occurs near Francocastello, at the south

coast of W. Crete (Meulenkamp 1969). The formation cannot be correlated
in the field with any of the other Neogene deposits. The high-developed
U. arquatensis in 817 A indicates that the formation may be a time equiva-
lent of the Asteri Formation in section Stavromenos, as assumed by Meulen-
kamp (1969), but it may be younger. All samples contain Globorotalia; in
817B, C, D, E, H, and L counts and measurements were made (table 4).



Section Mirtos (exp. 115; fig. 14)
On top of the Ammoudhares Formation, including gypsum beds and a

marl breccia, 25 m of yellowish marls merge upward into fine grained,
marine sands (Fortuin, in prep.). These marls and sands constitute the Mirtos
Formation. The Uvigerina data, though subject to minor fluctuations, (see S2
values in fig. 43), suggest that the Mirtos marls are time equivalent to the
larger part of the deposits in the sections Asteri, Viran Episkopi, and Loutra.
Four samples out of six yield Globorotalia; 172, 175 and 182 were studied
in detail (table 6).

~ ~"e 0~ ~.. .
< i ...
0

.
" <

~ 0
0 <

0

v ~
a

Nr
. .......• ,.....""' .......•.......

z ~ ~
~ ~ ~ ~

,...., rv,.......,...., ,....,,-..J
>-

,-.., rv ","",-....,,....,,....,

r..-r'V"""'''''''''''''''''''

« ,.....,-....,......,,.....,,......,,....,

E ~
0 '"':' 0 ~
on "- ~ ~ ~

1
- ~ ~
'"w ~ ~ ~
>- ~ ~
Vl ~ ~ ~«

"""""""""""'''''''''''I'J-

. .
z ~ ~ ~
0
>- ~
« ~~
'" ~ ~ ~
0 """""""""'r-.J<"""V"- ~ ~ ~~ ~
- ,......,,....,,.....,rv •....•..•,....,

'" ~ ~ ~w
>- ~ ~
Vl ~ ~ ~« ~ ~~ ~ ~

. ..-... ....... ,.....,,.....,,....., ....... j•......• _,....,.,,.....,,......,"'''"'~ ~ h~ ~ ~
9'-""""",-....,""--'I'"""J F

~ ~
.-...,......,,...., ry,......,ry D

z ~ ~ ~
0- ......• ,......,,....,,....... ~~ b
>- ~ ~ ~ 0

« 848~ ~ ~
'" 0

0 ~ ~ ~ ""- ~ ~ m

~
.............. ,...",.....,. ....... ,......

I~ ~ ~
k

W ~ ~ J>-
Vl ~ ~ ~ h« ~ ~

G~ ~ ~~~ ~ ~
c~ ~ ~ d~ ~ b~ ~ ~

K

HJ

~
°D

c_ 1b --I--?

Q .- - --

Fig. 13 The sections Viran Episkopi, Asteri, and Stavromenos, Asteri Formation, Province of
Rethymnon, W. Crete. To the right of the lithostratigraphic columns the sample letters: in
capitals those containing Globorotalia; the sample~ standing outside the row were studied
biometrically. Farther to the right are occurrences of species of the Uvigerina cretensis group
and of groups of Globorotalia: xx - specimens of a group frequent; x - rare to common; 0

- group probably present, not studied in detail.



Section Sikia (exp. 182; fig. 14)
The Faneromeni Formation in section 182 near Sikia comprises several

meters of a marl breccia overlain by about 90 m of yellowish marls with
concretions. The marls constitute the Sikia Member of this formation (Grad-
stein 1972), and lithologically resemble the Asteri marls of Rethymnon
Province. The Sikia marls contain abundant u. arquatensis, which develops
from primitive to more advanced forms. This means that the Sikia marls may
be time equivalent with the larger part of the deposits in the sections
discussed above. Out of the 19 samples, 14 yielded Globorotalia; counts and
measurements were performed on 182/2A, SA, 9A, 14A, and 19A (table 7) .
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To facilitate comparison of the assemblages, reference assemblages will be
introduced, which are representative of the four main groups of Cretan
Pliocene Globorotalia. The reference assemblage of the fifth group, the
inflata group, which is common in the Italian Pliocene, is discussed in section
1l1.3.4.

The reference assemblages demonstrate the principal morphological char-
acteristics of the groups, but they are not meant as a kind of holotype. Their
r.m.a. will be inserted in all r.m.a. diagrams of the other assemblages as guide
lines to the reader.

The reference assemblages are:

884Q
849E
848F
853Cz

- section Stavromenos
- section Asteri
- section Asteri
- section Loutra

- crassaformis group (plate 2, figs. 5-8).
- bononiensis group (plate 6, figs. 1-4).
- puncticulata group (plate 6, figs. 5-10).
- margaritae group (plate 5 figs. 7-10).

The Globorotalia assemblages of 848F and 849E appear to be morphologi-
cally homogeneous; in 884Q one specimen was excluded; probably it belongs
to the bononiensis group. In 853C the margaritae group (853Cz) occurs
together with an assemblage attributed to the puncticulata group (853C1).

The complete data on the counts and measurements in the reference
assemblages are given in the tables 3 and 5. The principal data of the discrete
variables are: '

N aperture keel a

arched intermediate slit 3-4 4 4-5 5
884Q 56 54 18 55 1
849E 54 54 18 27 9
848F 55 53 1 2 50 3
853Cz 38 38 32 23

7

On the basis of the apertural form and the presence of a keel or an
imperforate peripheral band, the assemblages can be clearly divided into two
groups, i.e. 853Cz + 884Q and 848F + 849E. With the aid of the frequency
distribution of a, the two groups can be split further into four (the probabil-
ity that the frequency distributions of a in 848F and 849E differ significant-
ly is mote than 99.95% (X z = 33.09). These four groups can be furthermore
defined and discriminated by means of the three size ratio patterns.

In all scatter fields linear trends give a reasonable approximation of the
variation, and the variables tend to a more or less normal distribution
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R.m.a. of h/q, h/Yz (L+B), and b/B in the reference assemblages of the crassaformis group
(884Q), the puncticulata group (848F), the bononiensis group (849E), and the margaritae
group (853Cz), Crete.



(figs. 16 a, b, c, 17). In all three ratios the variables are strongly positively
correlated (p < 0.0005). These data support the validity of the assemblages
as homogeneous systematic units.

The Lm.a. diagrams in fig. 18 demonstrate the morphological differences,
but only for h/q there is a clear separation of trends. Further on it will
appear that this ratio is the most valuable one for discrimination of our
planoconvex groups.

In 853C2 (margaritae group), in which the specimens are biconvex and flat
and not planoconvex and are less highly vaulted at the umbilical side than in
the other three assemblages, hi q does not give the degree of rounding of the
last chamber but the height of the (keeled) periphery above the base of the
last whorl. For this reason comparison of the Lm.a. ofh/q in 853C2 with the
r.m.a. of h/q in 848F, 849E, and 884Q, has little significance. The slight
convexity of the umbilical side in 853C2 is clear from the low position of
the r.m.a. of h/V2(L+B) (fig. 18). The scatter field of this ratio does not
overlap the corresponding scatter fields of the planoconvex assemblages, the
slope of the r.m.a. is significantly lower than for instance in 848F (Zk = 5.44,
P < 0.0005). The puncticulata individuals from 853C1 are also significantly
more highly vaulted at the umbilical side (fig. 17; Zk= 3.48, P < 0.0005).

Tests on the differences in r.m.a. positions in the planoconvex assemblages
of 884Q, 849E, and 848F gave the following results:

h/q h/Y2(L+B) biB

884Q - 848F zd = 3.44 zk = 3.45 zk = 2.83
(xo = 30 .urn)

884Q - 849E zk = 1.94 zk = 1.49 zk = 1.36
zd = 2.44

(xo = 150 .urn)

848F - 849 E zk = 0.56 zk = 2.46 zk= 1.11
zd = 6.08 zd = 1.69

(xo = 40 .urn) (xo = 350 .urn)
zd = 5.95 zd = 5.34

(xo = 100 .urn) (xo = 180 .urn)

The gradients of the Lm.a. of h/q do not differ significantly, but at
comparable h levels the values of q decrease significantly from 849E to 848F
to 884Q, as follows from the Zd values. This means that in 849E (bononien-
sis group) the periphery of the last chamber is more rounded than it is in
848F (puncticulata group), and much more rounded than in 884Q (crassa-
formis group). With minor exceptions these differences will prove to be
. consistent in the three groups represented by these three samples.

There is a high probability that the r.m.a. of biB in 849E has a lower



position than those of 884Q and 848F, i.e. 99.27% and 95.45% respectively.
This agrees with the tendency in the bononiensis group to have the last
chamber only slightly embracing. The probability of more than 99.95%, that
in 848F the gradient of biB is less inclined than it is in 884Q, appears to be
exceptionally high if we consider the comparisons of other assemblages of
the crassaformis and puncticulata groups.

The differences in the relations between hand Y2(L+B)will prove to be of
little significance. The ratios h/Y2(L+B) and biB alone do not provide a
sound basis for disentangling the crassaformis, puncticulata, and bononiensis
groups.

Assemblages referring to this group were studied in 10 Cretan Pliocene
samples (figs. 13, 14, 15; tables 3, 4, 7). 884Q contains the reference
assemblage (plate 2, figs. 5-8). The data from 884N, 817C and 182/19A are
based on less than 30 specimens. The crassaformis group was not found in
the sections Mirtos, Loutra, and Viran Episkopi (figs. 13, 14).

In some of the samples other groups of Globorotalia occur as well. In
817L,20 small specimens were collected (817L2, table 4), referred to
G. scitula (Brady). The specimens may be mistaken for small crassaformis
individuals, but they differ in the more inflated chambers, the somewhat
higher a values, the predominance of dextral coiling, the complete absence of
a keel, and the more translucent wall. Fig. 19b illustrates the differences in
the size ratio patterns of h/q and h/%(L+B).

From 848A and especially from 848E (table 3), at the base of the Asteri
Formation, some specimens of the puncticulata group were collected. These
individuals differ from the more common crassaformis specimens because of
the arched aperture, the sinistral coiling, and the more rounded periphery, as
illustrated by hi q in fig. 19C.

In 884N and in 182/19A the bononiensis group (884N2, 182/19A2;

tables 3 and 7) outnumbers the crassaformis group. Specimens of the former
group are easily recognizable because of their larger, highly arched aperture,
the globose, instead of angular chamgers (hi q, fig. 19a), the absence of a keel,
and the less embracing last chamber (biB, fig. 19a). Moreover, the mode of a
in 884N2 is not at 4 but at 4-5, and the coiling direction is predominantly
sinistral.

The Cretan individuals of the crassaformis group (Ntotal= 391) are charac-
terised by a strongly planoconvex shape and a rather square equatorial
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outline. The aperture is slit-like, in five specimens it was classified as arched
to slit-like. All apertures visible are bordered by an imperforate rim or lip.
About 40% of the specimens possess a keel or, more commonly, an imperfo-
rate peripheral band-. The mode of a is at 4; in 2.5% of the total assemblage, a
is 4-5.

The probability of positive correlation in the scatter fields of h/V2(L+B),
h/q, and biB is more than 99.95% for nearly all assemblages. This probability
is about 99.5% for h/q in 848A and 848E! , which lower value is due to the
steep gradients (figs. 19c, 20). In 817L! it is about 95%. The size ratio
patterns in the latter sample show a patchy dispersion (fig. 19b), a feature
also observed in the Gulf of Mexico sample 185/189 em.

The last chamber strongly embraces the previous part of the test. The
width of the last chamber approximates the width of the whole test, as
indicated by the gradient of biB which varies from 0.81 to 0.96 and by the
intercept values close to zero. Figs. 21a, b show that the r.m.a. of all samples
coincide rather well; 182/19A has been left out because of the small sample
SlZe.

In the Francocastello section the specimens are significantly larger than in
the Asteri-Stavromenos sections (plates 1-4). For example the probability
that in 817B, band B are larger than in 884Q is more than 99.95% (tB =.43,
tj) = 5.00).

In the Asteri-Stavromenos sections there is a strong predominance of
dextrally coiled specimens, whereas in the Francocastello section the coiling
direction is practically always sinistral. In the latter section the specimens
show greater thickening of the wall.

II.2.2.1. The gradient ofh/q and hl0. (L+B)

The periphery of the chambers varies from strongly angular to slightly
rounded, resulting in low q values, the smallest amongst our groups. The
gradient of h/q varies from 2.31 in 849C to 5.11 in 817C.

In the Asteri-Stavromenos sections (table 3) the crassaformis group shows
a development from a strongly angular to a more rounded periphery, which
change is expressed by a decrease of the gradient of h/q. Stratigraphically
upward the gradient decreases from 4.28 in 848A to 4.03 in 848E!, and
2.31 in 849C, after which it increases again to 2.91 in both 884N! and 884Q
(fig. 21a). Both in 849C and 884Q, k is significantly smaller than in 848A
(Zk = 3.67 and 2.62 respectively). From 849C to 884Q no significant in-
crease in k takes place (Zk = 1.53).

These results are certainly reliable because of the large samples and the
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high r values. Moreover, the estimate of k in 848A is a bit too low (fig. 20),
which strengthens the values of the significance.

The changes in chamber shape in the successive assemblages of the
Asteri-Stavromenos sections are illustrated in the plates 1 and 2. However,
the specimens figured do not exactly illustrate the trend in h/q, but they give
an impression of the variation in h and in q in each of the assemblages.

The trend from an angular to a more rounded periphery is also reflected in
the increase of the positive correlation between hand q (fig. 22), and in the
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Fig. 22 Graphic representation of the correlation between hand Y2 (L+B), hand q, and band B, in
the crassaformis group from the sections Asteri + Stavromenos (exp. 848, 849, 884), and
Francocastello (exp. 817), Crete.



decreasing numbers of specimens possessing a keel (table 3). In 884N1 no
keel was observed, but the scanning electron microscope pictures reveal
initial imperforate zones along the periphery (plate 2, fig. 3).

In the four successive Francocastello samples the k values of the hlq Lm.a.
vary irregularly (fig. 21b). The r values of hi q show a remarkable trend
stratigraphically upward, a trend opposite to the direction of change of r in
the Asteri-S tavromenos sections (fig. 22).

A more complex set of changes is found in the height of the test,
expressed by the gradient of the Lm.a. of h/Y2(L+B) (fig. 21a, b; plates 1-
4). From 848A, at the base of the Asteri section, to 884Q, at the top of the
Stavromenos section, k increases from 0.74 to 1.05, which means that the
umbilical side of the test becomes significantly more highly vaulted
(zk = 3.04, P < 0.005). This is in accordance with the intermediate values of
k in the samples 848£1 and 849C in between. The probability that already
in 848£1 the gradient is larger than in 848A is about 98.5% (Zk = 2.13).
However, in 884N 1 there is a lower value (fig. 21a); the probability that the
gradient is smaller in 884N1 than in 848£1 is nearly 99% (Zk = 2.16). In
spite of the low number of observations in 884N 1 the Lm.a. equation is not
necessarily unreliable (r = + 0.918). The increase in k from 884N 1 to 884Q is
again significant (Zk = 3.07, P < 0.005).

In the Francocastello section (fig. 21b; plates 3, 4) the Lm.a. of
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Fig. 23 Scatter diagrams and r.m.a. of h!Y2 (L+B), and h/q in sample 817D, section Francocastello,
Crete; this sample contains the flattest specimens of the crassaformis group. For comparison
h!y2 (L+B) data of the same group in the sample below, 817B.



h/Y2(L+B) in 817B at the base of the section, and in 817C slightly higher,
have nearly identical positions (Zk = 0.70). In 817L!, at the top of the
section, the Lm.a. has a somewhat higher position in the diagram of fig. 21b
than the Lm.a. of 817B and C, which means that the specimens are
somewhat higheL Relatively flat specimens occur in sample 817D (fig. 23),
halfway 817C and 817L! . There is a significant setback in the gradient, the
probability that it is flatter than that of 817C amounts to more than 99.95%
(Zk = 3.66).

This group was studied in 14 Cretan Pliocene samples (figs. 13, 14; tables
3, 5, 6, 7); 848F contains the reference assemblage (fig. 13; table 3; plate 6,
figs. 5-10). The Sikia assemblages 182/2A!, 5A!, 9A!, and 14A and the
assemblages 175 and 854J are based on 20-30 specimens. The group
appeared to be absent in the higher parts of the sections Asteri and Sikia,
and in the sections Stavromenos and Francocastello (figs. 13,14, 15).

In 848E the puncticulata group is outnumbered by the crassaformis
group; in 172, 175, 182/2A, 182/9A, 854D, and 853C the puncticulata
group occurs together with the easily distinguishable margaritae group.

The total Cretan assemblage of the puncticulata group comprises 427
specimens. The shape of the test is planoconvex. The aperture is generally
arched. From 374 visible apertures 6% was classified as a slit and about 9% as
arched-to-slit-like. Earlier chambers invariably show small, rather circular
intercameral foramina. A small number of the apertures shows an imperfo-
rate rim or lip.

The mode of a is at 4; the variation in a is negligibly small. A keel or
imperforate peripheral band is absent. About 99% of the specimens is coiled
sinistrally.

The probability of a positive correlation in the scatter diagrams of
h/Y2(L+B), h/q, and biB is more than 99.95% for all assemblages. The
periphery is slightly rounded, the scatter fields of h/q of all assemblages
overlap widely, as illustrated by the negligible deviations of their Lm.a. from
that of 848F (fig. 24 a, b). The k values of the slope of the Lm.a. ofh/q vary
from 1.92 in 182 to 2.37 in 848F. In assemblages with less than 30
specimens more extreme values were found. In the erassaformis group these
values vary from 2.31 to 5.11. The intercept values are of the same order of
magnitude in both groups. Hence, these groups show but small overlap in
Lm.a. positions.

In assemblages larger than 30 specimens the gradient of the Lm.a. of
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h/% (L+B) fluctuates between 0.84 in 854D1 and 0.71 in 1721, and ofb/B
are between 0.68 in 848F and 0.99 in 853A. Both ranges match the ranges in
the crassaformis group.

In the section Sikia a trend occurs from fairly high specimens in 2A 1

(via 5A) to lower ones in 14A. The probability of a flatter h/%(L+B)
gradient in 14A as compared to 2A1 is more than 99.95% (Zk = 3.19).
However, in 14A only the few largest specimens show the anomalous, low
relative height, which results in a poor fit of the Lm.a.

In the assemblage of 853A (fig. 24a; plate 5, figs. 3-6) the gradient ofb/B
is significantly steeper than in 848F (Zk = 3.64, P < 0.005). In the larger
specimens the width of the last chamber is exceptionally high; in the smaller
specimens the final chamber is often but slightly embracing.

Assemblages referred to this group were studied in four Cretan Pliocene
samples (figs. 13, 14, 15; tables 3, 4, 7). Asteri sample 849E contains the
reference assemblage (table 3; plate 6, figs. 1-4). In 182/19 A, which is based
on less than 30 specimens, and in 884N the bononiensis group outnumbers
the crassaformis group.

The bononiensis group is absent in the sections Mirtos, Viran Episkopi,
and Loutra, in the lower part of the sections Sikia and Asteri, and in the
higher part of the section Francocastello. Stratigraphically the group appears
above the disappearance levels of the puncticulata and margaritae groups.

In the complete Cretan assemblage- of the bononiensis group (Nto tal

= 201) the individual is characterized by a planoconvex shape and globose
chambers. The aperture is large and highly arched. As far as visible, all
apertures are bordered by a distinct, imperforate rim. In puncticulata speci-
mens the aperture is generally smaller and a rim may be less well developed,
(plate 6, figs. 1-4; plate 7, figs. 1-3; plate 6, figs. 5-10).

The observed frequency distributions of a are:

3-4 4 4-5 5 5-6 N
884N2 1 22 54 9 3 89
849E 18 27 9 54
817E 4 21 9 34
182/19A2 1 20 2 24

In 884N2 and 849E from the Asteri Formation, the mode of a is at 4-5;
in the other assemblages, a is predominantly 4. If we only consider the classes
4 and 4-5 the probability that 817E and 849E differ in the distribution of a



is about 99% (XZ = 6.41). Since both distributions extend in opposite direc-
tions, the probability of a difference, considering all classes, is even greater.
In the puneticulata group a is nearly always 4; the variation in a is much
narrower than in 817E and 182/19Az.

A keel or imperforate peripheral band is absent. About 95% of the
specimens is coiled sinistrally.

The probability of a positive correlation in the scatter diagrams of
h/Yz(L+B), h/q, and bIB is more than 99.95% for all assemblages. The scatter
fields of h/q show strong overlap; the r.m.a. occupy closely comparable
positions (fig. 25). The slope coefficient k varies from 1.81 to 2.20; in the
puncticulata group the range is similar, from 1.92 to 2.37. However, the q
values in the bononiensis group are relatively larger.

The last chamber only partly embraces the previous part of the test, which
is expressed by the relatively low positions of the r.m.a. of bIB. In 884Nz
and 849E r of bIB is lower than in 817E and 182/19Az *. This is due to the
greater variation in width of the last chamber (figs. 16a, 19b). In 884Nz the
number of individuals with an abnormal chamber is more than 10% higher
than in the other samples. Nearly abnormal last chambers are more frequent
as well. Nevertheless, all r.m.a. occur in comparable positions. If we exclude
182/19Az, which is based on relatively few specimens, the r.m.a. of the
bononiensis assemblages occur definitely below the r.m.a. area of bIB in the
puncticulata group (fig. 25).

The r.m.a. positions of h/Yz(L+B) show little variation and they are
comparable to the positions in the puncticulata group.

In sample 817H from the Francocastello section (fig. 15; table 4; plate 7,
figs. 4-8), 28 specimens were collected, which are morphologically inter-
mediate between the puncticulata and the bononiensis groups.

The larger part of the specimens possess more flattened, less globose
chambers than individuals of the bononiensis group, such as those in sample
817E, lower down in the same section. This results in a position of the r.m.a.
of h/q more or less intermediate between those of both groups mentioned
above (fig. 25).

*In 849E r of biB was originally calculated as 0.493 (Gradstein 1971), but insufficient distinction
was made between abnormal and normal last chambers. On the basis of new measurements r of biB
changed to 0.670, r of h/Y2(L+B) changed from 0.758 to 0.838 and r of h/q from 0.738 to 0.758.
This example illustrates that biB is most strongly and h/q least dependent on variation caused by the
mixture of individuals with normal and abnormal chambers.



The aperture is either slit-like or arched, the apertures of two specimens
were classified as intermediate. In comparison with the bononiensis group
the aperture is smaller; a difference with the puncticulata group is the much
higher frequency of slit-like apertures. However, early growth stages of larger
individuals only revealed very small, rather circular inter cameral foramina.

The gradient of h/1;1(L+B) (fig. 25) is lower than in any of the samples of
the bononiensis group; it is comparable to that in 848F, reference assem-
blage of the puncticulata group. The probability that the gradient is less
inclined than in 849E (reference assemblage of the bononiensis group),
817E, or 848F is 99.3%, 98.7%, and 74.7% (Zk = 2.46, 2.24, and 0.63
respectively) .

The positions of the scatter fields and r.m.a. of bIB and the distribution of
a closely correspond to those of the bononiensis group in 817E.

As will appear further on, the specimens of this assemblage closely
resemble those of the inflata group from the Italian Pliocene. In our opinion
the assemblage of 817H represents a transitional stage between the bono-
niensis and inflata groups.

III.2.6. THE G.MARGARITAE GROUP

This group was studied in six Cretan Pliocene samples (figs. 13, 14;
tables 3, 5, 6,7); 853C2 contains the reference assemblage (fig. 14; table 5;
plate 5, figs. 7-10). The assemblages in 854D2, 182/2A2 and 1722 are based
on less than 30 specimens.

In all sections the margaritae group occurs together with the puncticulata
group, which extends stratigraphically slightly higher. The margaritae group
was not found in the Francocastello, Stavromenos, and Asteri sections. Part
of the Asteri section is a time equivalent of the Viran Episkopi section which
yielded abundant margaritae group specimens.

The total Cretan margaritae assemblage consists of 163 specimens. They
show a biconvex test. The centre of the umbilical side may be slightly
depressed. The aperture is slit-shaped, a rim or lip may be present. The
distribution of a varies between 3-4 and 6, the mode is at 5. In our
planoconvex groups the mode is always below 5. The composite frequency
distribution of a is:

Ntotal 3-4 4
163 1 1

4-5 5 5-6 6
6 127 16 12

About 60% of all specimens possess a keel or an imperforate peripheral
band. Per sample 30-80% of the specimens is keeled. About 92% of all
specimens is coiled sinistrally.
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Because of the obvious qualitative differences with the planoconvex
groups, measurements were only performed in 853Cz, 182/19Az, and
854Dz•

The scatter diagrams of h/q, h/Y2(L+B), and biB all display a positive
correlation of the variables. The probability of a positive correlation is more
than 99.95%.

The flat shape of the test is clearly expressed by the low gradient of hlYz
(L+B), k varies from 0.28 in 854Dz to 0.45 in 853C2 (fig. 26). The
probability that in 853Cz the gradient is steeper than in 854Dz is more than
99.95% (Zk = 3.40). Even if we take into account the small number of
individuals in 854Dz (N = 22), this Z value is high. Due to the relatively low
values of h of in 854Dz,. the gradient of h/q in this assemblage is also smaller
(fig. 26).

The last chamber strongly embraces the previous part of the test; the
patterns and Lm.a. of biB (fig. 26) occupy closely comparable positions. The
gradients of biB, which are among the highest of our groups, vary from 1.05
to 1.09. The intercepts take negative values. This means that in later growth
stages the width of the last chamber tends to exceed the width of the last
whorl.

Some authors favour the assumption of a phylogenetic transition from
this group to flat types of the crassaformis group (chapter I). For this reason
the Lm.a. of the flat specimens of the latter group in 817D from Franco-
castello are inserted in fig. 26. Since the crassaformis specimens are plano-
convex, the q values are relatively much smaller than in the margaritae
group, which results in completely different positions of the Lm.a. of h/q.
No transitional stages are known.

Italian Globorotalia assemblages were studied from eight localities in the
Pliocene and one in the Pleistocene. First a short description of each locality
will be given, together with the published data on Globorotalia and the

Fig. 25 (1.) R.m.a. of h/q, hlYz (L+B), and biB in the bononiensis group from 817E, Francocastello,
849E, Asteri, 884Nz, Stavromenos, and 182/19Az' Sikia, compared with the r.m.a. of
817H, inflata group, and the h/q and biB r.m.a. in the puncticulata group in 848F. 894E
contains the reference assemblage of the bononiensis group.

Fig. 26 (r.) R.m.a. of h/q, h/'/z (L+B), and biB in the margaritae group from 853Cz, Loutra, 854Dz'
Viran Episkopi, and 182/9Az, Sikia, compared with the r.m.a. of 817D, Francocastello,
which is the assemblage with the flattest specimens of the crassaformis group. 853Cz con-
tains the reference assemblage of the margaritae group.



results of our determinations. At the end each of our taxa will be briefly
discussed.

The Santerno no. 2 well: In 1968 Dondi and Papetti published an account
of the Pliocene Globorotalia found in the Santerno no. 2 well. This well,
drilled by the Agip Mineraria, is situated S.E. of Bologna in the northern
foothills of the Apennines. By courtesy of Agip Mineraria, we were given the
opportunity to reinvestigate the wash-residues of all the original core samples
from the Pliocene interval. The zonation published by Dondi and Papetti
(1968) and our determinations are as follows:

412/ 415 m

G. inflata zone 657/ 660 m
1052/1054 m

G. crassaformis Zone
G. hirsuta aemiliana Zone 1197/1199 m

1325/1327 m
G. bononiensis Zone 1437/1438 m

1586/1588 m
G. puncticulata Zone 1661/1663 m
G hirsuta Zone 1734/1735 m

inflata group
inflata group

crassaformis group
bononiensis group
margaritae group
puncticulata group
puncticulata group + margaritae group

In the lowermost sample no Globorotalia specimens were encountered;
the samples 1661/1663 to 1197/1199 are rather rich. The wash-residues of
the samples 1052/1054 to 412/415 were concentrated by means of flotation
in C C14. The two younger samples yielded many specimens referred to the
inflata group. Sample 657/660 was not studied in detail; small G. scitula-like
forms are common, just as in 1052/1054.

In sample 1437/1438, 14 specimens were collected which belong to the
margaritae group. They are rather biconvex, have a strongly embracing last
chamber, the mode of a is at 5, and coiling is sinistral. However, in addition
to these relatively large specimens, 11 very small ones were found that are
planoconvex, possess more inflated and less embracing last chambers, and are
all dextrally coiled, except one. Because of these features they cannot be
considered as juveniles of the accompanying margaritae individuals. They
may belong to G. scitula. Finally six specimens are morphologically in
between, the size is intermediate, coiling is sinistral.

A similar mixed assemblage occurs in 1661/1663, but disentangling is
more difficult because there is no difference in coiling direction; 11 speci-
mens out of 23 were classified as belonging to the margaritae group.

The complete results of counts and measurements are listed in table 8.



The Santerno Imola section: This section, situated S.E. of Bologna, along
the Rio Santerno, was studied by Colalongo (1968). According to her data
the Pliocene comprises more than 1400 m of sediments. From fig. 2 of this
author it can be seen that out of about 200 samples only 26 yielded
Globorotalia, split into a great number of species. Four Pliocene Globoro-
talia zones were recognized (see below).

In the Utrecht collections there are 20 samples from the Pliocene of this
section. Part of them were taken during one of the excursions of the
C.M.N.S. congress at Bologna 1967, and others in later years with the aid of
the Excursion Guidebook of that congress, no. 2, p. 100-113. Eight samples
were found to contain Globorotalia, but only three proved to be sufficiently
rich to be studied in detail.

G. inflata Zone
G. crassaformis Zone
G. hirsuta aemiliana Zone
G. hirsuta Zone with

G. puncticulata Subzone and
Sphaeroidinellopsis Subzone

JT 511
JT 513

inflata group
crassaformis group

Sampie JT 817, taken slightly below JT 810, yielded rare forms which
may belong in our margaritae group.

The biometrical results are given in table 9.

Section Torrente Crostolo: The section of the Torrente Crostolo (Reggio
Emilia) comprises Messinian to Calabrian strata, (Barbieri and Petrucci
1967). The Pliocene, which would consist of about 1000 m of clayey
sediments was divided by these authors into six zones, five of which are
based on Globorotalia.

In the Utrecht collections eight samples of the Pliocene of this section are
present, taken during the excursions of the Bologna congress of the C.M.N.S.
in 1967 (Exc. Guidebook no.1, p.22-26, table 3). Only three yielded
Globorotalia, i.e. JT474 (rich in specimens), JT475, and JT476. The
original zones and sample numbers (5353 etc.) of Barbieri and Petrucci
compare to our samples and results as follows:



Barbieri and Petrucci (1967) our results

G. inflata Zone 5496-JT 477
G. crassula Zone { 5382-JT 476 bononiensis group

5380-JT 475 bononiensis group +
Globigerina sp.

~ Zone
crassaformis group

Globigerinoides sp.
G. crassaformis

~
Zone 5374-JT 474 puncticulata group

G. puncticulata

{ 5355-JT 473
G. hirsuta Zone 5354-JT 472

5353-JT 471
JT 470

Section Tabiano Bagni: The sections Chiesa Nuova and East Terme near
Tabiano Bagni comprise Upper Miocene and Pliocene sediments. The succes-
sion includes the stratotype of the Tabianian (Lower Pliocene), erected by
Mayer Eymar in 1867. Lithological details and foraminiferal faunas of both
sections were described and figured by laccarino (1967). Her zonation, given
below, is mainly based on Globorotalia. Samples of Iaccarino are listed
which approximately correspond to those we studied from the Utrecht
collections (JT numbers).

Iaccarino (1967)

G. crassula Zone
Globigerina sp. t
Glo bigerino ides (
C. crassafoTmis ~
G. puncticulata ~

2323-JT 1071
2319-JT 481
2336-JT 1065
2265-JT 1058

puncticulata + margaritae groups
puncticulata group
margaritae group

JT 1058 was taken in the basal type Tabianian clays exposed in the lower
part of the section Chiesa Nuova. This is stratigraphically the lowermost
sample containing the margaritae group.

JT 1065 was derived from type Tabianian clays at the top of the Chiesa
Nuova section. It contains abundant specimens of the puncticulata group.

JT 481 is the highest sample containing the margaritae group. It was
taken below the second hairpin in the East Terme section. The deposits are
referred to as uppermost Tabianian by Iaccarino (1967) and Barbieri (1967).

The samples JT 1071 and JT 1081 were too poor in specimens to be
studied biometrically. According to the above mentioned authors the locali-
ties of these two samples contain Piacenzian clays. JT 1071 was taken below



the third hairpin in the East Terme section. The sample is the highest one
with rare forms of the puncticulata group. JT 1081 is stratigraphically above
the previous sample. The sampling locality is a small claypit slightly south-
east of the East Terme section. The sample yielded one specimen probably
belonging to the group of G. crassaformis (R. Tjalsma, pers. comm.).

The result of the counts and measurements are given in table 10.

Section Lugagnano-CastellJArquato: The Pliocene of the area Vernasca -
Lugagnano - Castell'Arquato (prov. Piacenza), includes the stratotype of the
Piacenzian Stage. This stage was erected by Mayer Eymar in 1857. In a
recent study Barbieri (1967) describes the lithological details and the fora-
miniferal faunas of the Pliocene deposits. This author distinguishes three
stratigraphically superposed units, i.e. the Sands of Vernasca (Tabianian), the
Lugagnano Clay (Tabianian-Piacenzian), and the Castell'Arquato Sands of
Astiano facies and Piacenzian Age. The stratotype of the Piacenzian is
formed by the upper part of the Lugagnano unit in the Arda valley, between
Lugagnano and Castell' Arquato. Biostratigraphically the type Piacenzian is
subdivided into a lower G. puncticulata Zone, followed by a poorly delim-
ited middle interval with Globigerina sp. and Globigerinoides sp. The upper
zone is named after G. inflata (fig. 1). -

As noted by Barbieri, we found the Pliocene in this area to be extremely
poor in Globorotalia. For this reason no biometrical ana!ysis could be made.
We will confine ourselves to some comment on the faunal contents.

From the basal part of the clayey unit we studied the sample series
JT 385-390. These samples were taken in an escarpment southwest of the
road Lugagnano-Vernasca near km indication 17, in which 20-25 m of
bluish sandy clay overlie "Argille indifferenziate". The clays are assigned to
the Tabianian (Meulenkamp, 1969). Only JT 388 contains Globorotalia
specimens, which resemble those of our margaritae group.

The samples JT 383, JT 16,17, and 18 are derived from the upper part of
the Lugagnano Clay near Castell' Arquato. JT 383 and 16 were taken from
the uppermost grey, sandy marls some meters below the calcarenitic sands of
the Astiano. The sampling localities are along the "Viale di Rimembranze" at
the southwestern entrance of the village. JT 17 was'taken 5 m below JT 16,
and JT 18 below JT 17, in the riverbed of the Arda.

In JT 383 five planoconvex specimens were obtained which may belong to
the puncticulata group or the inflata group. Four specimens possess broadly
rounded last chambers, one is more flattened in axial view. The apertures are
arched. A reliable diagnosis of the assemblage would require data on the
ratio h/q in at least 20-30 specimens.



In JT 18 some speClmens occur, probably belonging to the group of
G. crassaformis.

Pasquasia section: This section in Central Sicily is included in the neostrato-
type of the Messinian Stage (Selli 1960). The upper part of the Pasquasia
section consists of some 50 ill of "marne bianche (trubi)", overlain by some
meters of "argille marnose". Both units are assigned to the Lower Pliocene
(d'Onofrio, 1964). G. hirsuta and G. puncticulata would be present.

We made a superficial investigation of the trubi samples JT 998 - JT 1024
in the Utrecht collections. The uppermost ones, JT 1022 to JT 1024, may
have been taken from the argille marnose.

In several samples Globorotalia are abundant. In JT 1010, some twenty
meters above gypsum beds of the Messinian, the margaritae group is abun-
dant. In JT 1017 and in JT 1023 numerous planoconvex specimens occur
which closely resemble our puncticulata group specimens. The chambers are

Inflata group

G.sc:itula?

18/5
18/6m m70 70

Fig. 27 The published percentages of Globorotalia species in 60 core samples (after Catalano 1969)
from two water drillings near Partanno (W. SiCily). The percentages are based on the total
number of Globorotalia. Our group data are to the right of each column: xx - more than
30 specimens, x - 10 - 30 specimens, 0 -less than 10 specimens.



often strongly flattened as seen in axial view. The aperture is arched. A keel
is absent.

The Partanna drillings: In 1969 Catalano published an interesting review
of the Globorotalia faunas in core samples from Middle Pliocene clays in two
water drillings near Partanna, Trapani, W. Sicily. This author mentioned the
relative frequency of G. crassaformis, G. puncticulata and G. margaritae
together with the relative abundance of flat, intermediate, and rather high
conical forms of G. crassaformis. Catalano concluded that the sediments of
both drillings might be contemporaneous.

By courtesy of R. L. Catalano, Palermo, we were able to restudy a number
of the original core samples from both drillings. Figure 27 gives some of the
original data, compared to our results. In contrast with Catalano we did not
find Globorotalia in 18/3, 2, 1. This is possibly due to the fact that not
exactly the same interval from the core samples was prepared for the
wash-residues.

Several differences appear in both interpretations of the contents of the
samples. In 1/1 we did not find the G. crassaformis group but only rare
specimens referable to puncticulata and margaritae groups. In 18/5 G. punc-
ticulata of Catalano is referred to the group of G. inflata. In this sample
twenty additional specimens were found, part of which resembles the
G. scitula observed in the basal Santerno well samples.' Some others show
resemblance with specimens of the margaritae group, especially two large
individuals. However, all individuals are more or less planoconvex. Their last
chamber is not strongly embracing. We tentatively refer them all to G. scitula
(Brady).

Samples 18/4 and 6 contain numerous specimens of the crassaformis
group. One specimen of this group was found in 18/5.

The results of counts and measurements are listed in table 12.

The sections of Santa Maria di Catanzaro and Le Castella: During recent
years considerable attention was focused on these two sections in Calabria.
The Santa Maria di Catanzaro section is considered to be the stratotype of
the Calabrian Stage (Lowermost Pleistocene). The seventh Inqua congress in
Denver (1964) proposed the nearby Le Castella section as the type section
for the Pliocene-pleistocene boundary.

In order to get an idea of the Globorotalia faunas close to this boundary
we studied the samples from these two sections in the Utrecht collections.

The samples from Le Castella were taken from a cliff, 800 m southeast of
Le Castella village. Only G. inflata forms were found. The richest sample,



JT 657, from halfway the cliff clays, was used for counts and measurements.
The presence of Hyalinea balthica (Schroeter) indicates its Pleistocene age.

From the Catanzaro section a more diversified fauna was obtained.
MC 11, with the inflata and crassaformis groups, was studied in detail. It was
taken from clays below the village, and it is considered to be of Late
Pliocene Age. Younger samples with Globorotalia are probably affected by
serious reworking (Gradstein 1973; Brolsma and Meulenkamp 1973).

The results of the counts and measurements are given in table 11.

The Italian material of this group was derived from seven samples of six of
the sections (tables 8, 9, 10, 12). The age of the samples would be Middle-
Late Pliocene. SampIe 1/5 from the Partanna no. 1 drilling in Sicily is of
interest since it contains the only assemblage in which the crassaformis group
occurs together with the puncticulata and margaritae groups. In the N. Ital-
ian sections, the crassaformis group occurs at higher stratigraphic levels than
the other two groups. In JT 475 and MC 11 crassaformis specimens are
associated with the bononiensis and with the inflata groups respectively.

Our total Italian assemblage (Nto tal = 237) is well comparable to most of
the Cretan material. Assemblages with relatively high q values or with a very
low gradient of hflh(L+B) were not found. The number of more or less
keeled specimens per assemblage is highly variable. In JT 475 (Crostolo) a
keel is absent; this is the only Italian assemblage with dominant dextral
coiling. In the other samples the coiling direction is sinistral. No clear
correlation between relative stratigraphic position and coiling direction could
be detected.

With respect to h/q, JT 513 (Santerno-Imola) closely resembles 884Q, the
Cretan reference assemblage; in the other assemblages the gradient is steeper
(fig. 28; JT 513 - 1197/1199: Zk = 2.75;JT 513 - 18/4 : Zk = 3.52).

The variable b is only slightly smaller than B, as follows from the rather
embracing last chambers. The r.m.a. positions of the Italian and Cretan
assemblages are closely comparable (figs. 21, 28).

The ratio h/Y2(L+B) is rather variable. Three of the samples may represent
a stratigraphic succession covering 'the Middle-Upper Pliocene interval. They
enable us to check the suggestion of a regular increase in umbilical height.

The oldest sample 1197/1199 contains flatter specimens thanJT 513 (Zk

= 3.65) and MC 111 (Zk = 2.65). However, from JT 513 to MC 111,
stratigraphically upward, the gradient decreases (Zk = 2.65). The smaller
specimens in JT 513 are often flatter, the larger specimens slightly higher
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R.m.a. of h/q, h/% (L+B), and biB in five assemblages of the crassaformis group from Italy,
compared with the r,m.a, of the reference assemblage in 884Q, Crete, 1197/1199 - JT 513
- MC 11, ' in this order may represent a stratigraphic succession,



than the individuals of comparable size in MC 111 (fig. 28). The specimens
in the Partanna sample 18/4 are also flatter than those of JT 513 (Zk = 3.24).
Nevertheless 18/4 might be stratigraphically younger than JT 513 because of
the presence of the inflata group in 18/5.

Our Italian assemblages do not confirm the presence of the stratigraphical-
ly useful trend to greater umbilical height in the crassaformis group, which
was postulated by several of the authors mentioned in the Introduction. No
correlation seems possible with the irregular trends in the relative height of
the test in the Cretan assemblages.

The group was studied in seven samples from five Italian sections (table
8-10, 12). The age of the samples would be Early - Middle Pliocene. In
JT 481 and 1661/1663 the margaritae group is present as well, in sample 1/5
the puncticulata group is associated with the margaritae and crassaformis
groups.

The total Italian assemblage comprises 281 specimens; all assemblages
contain more than 30 specimens. The Italian material closely resembles the
Cretan assemblages.

The aperture is mostly arched; in 13 specimens it was classified as arched-
to-slit-like, in 9 specimens as slit-like. Generally a small rim is present. In the
Santerno well samples some specimens show a weak imperforate peripheral
band.

The variation in a is small; the mode is at 4. Coiling direction is predomi-
nantly sinistral.

The most typical feature is the slightly rounded periphery. The individual
scatter fields of h/q show but little variability, just as the hflh(L+B) and b/B
size ratio patterns (fig. 29). The scatter fields of h/q in all assemblages
strongly overlap with that of the reference assemblage in 848F from Crete
(fig. 30). In JT 4811 the gradient is less inclined than it is in the other
assemblages (e.g. JT 810 - JT 484: Zk = 4.04). The positions of the closest
h/q r.m.a. of the more angular crassaformis group and of the more rounded
bononiensis group illustrate the clear separation between the puncticulata
assemblage and the assemblages of the two other groups (fig. 30).

Variation in h/h(L+B) and b/B appears to be insignificant. Just as the
Cretan material, the Italian puncticulata group shows a clear tendency for a
more embracing last chamber than the bononiensis group (fig. 30, bIB).
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Fig. 29 Scatter diagrams and r.m.a. of h/q, h!y2 (L+B), and biB, in the puncticulata group from
JT 1065, section Tabiano Bagni, N. Italy.
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In our Italian Pliocene material this group has only been found in three
samples (tables 8, 9). In JT 475 the crassaformis group is present as well.
Just as in the Cretan Pliocene the bononiensis group starts its stratigraphical
range above the levels at which the margaritae and puncticulata groups
disappear. No transition to the younger inflata group was observed, as it is in
the Francocastello Formation of Crete.

The total Italian bononiensis assemblage, which comprises 91 specimens,
and the total Cretan assemblage are nearly identical. Compared with the
Italian puncticulata group the bononiensis assemblage has a more rounded
periphery (h/q, figs. 30, 31), the aperture is higher arched, the width of the
last chamber tends to be smaller (b/B, figs. 30, 31), and the mean diameter
may be as much as 50 p,m smaller.

In Italian deposits assigned to the Upper Pliocene (G. inflata Zone, fig. 1)
and to the Lower Pleistocene, Globorotalia assemblages occur which in
several respects differ from the puncticulata and the bononiensis groups. The
specimens are included in the inflata group. JT 657 from the Pleistocene of
Le Castella contains the reference assemblage (table 11; plate 7; figs.
10-12). The other samples are: MC 112 (table 11), 412/415 (table 8),
JT 511 (table 9; plate 2, fig. 10), and 18/5 (table 12).

From 412/415 and JT 511 the material was described as G. inflata; the
Middle(?) Pliocene Partanna specimens in 18/5 were listed originally as
G. puncticulata.

The total Italian inflata assemblage comprises 215 specimens, 33-71 per
sample. The scatter diagrams ofh!Y2 (L+B), h/q, and b/B display fairly linear
trends, the probability of a positive correlation in each scatter field is more
than 99.95%.

The test is planoconvex, the r.m.a. positions of h/%(L+B) are closely
comparable to those in the bononiensis group and in most assemblages of the
puncticulata group. In JT 511 the specimens are relatively high in later
growth stages (figs. 33,34). The probability that the gradient ofh!y2 (L+B)
in JT 511 is steeper than in JT 657 is more than 99.95% (Zk = 4.20).

The broadly rounded periphery of the last chamber compares best to that
in the bononiensis group. However, the chambers are less globose. In the
puncticulata group the chambers are generally much more flattened in axial



Scatter diagrams and Lm.a. ofh/q, hlYz (L+B), and
biB in]T 657, reference assemblage of the inflata
group, Le Castella, S. Italy, compared with the
r.m.a. of the inflata group in 412/415 and the
Lm .a. and the hi q scatter field of the puncticulata
group in 1586/1589, both samples from the San-
terno no. 2 well, N. Italy.
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Fig. 33 Scatter diagrams and Lm.a. ofh/q, hlYz (L+B), and
biB in the inflata group in]T 511 and Lm.a. of the
puneticulata group in ]T 810, both samples from
the Santerno Imola section, N. Italy.



view and the q values are lower. In the latter group the apical point of the
last chamber may be more pronounced than in the inflata group.

JT 657 has the largest q values of all inflata assemblages. The overlap of
the scatter field of h/q in this assemblage with that of the puncticulata
assemblage in the Santerno well in sample 1586/1589 is negligibly small. The
inflata assemblage from the Santerno well in 412/415 has an intermediate
position (fig. 32). The h/q r.m.a. for this assemblage nearly coincides with
those in JT 511 and MC 112,

Fig. 33 illustrates the small difference in h/q between the inflata assem-
blage in JT 511 and that of the puncticulata group in JT 810, both from the
Santerno section. In JT 810 the puncticulata assemblage with the highest
relative q values was found (fig. 30). The probability that at Xo values of
35 f.J.m and 100 f.J.m (close to the minimum and maximum q values) the r.m.a.
coincide is 99.97% and 70.8% respectively (Zd = 3.448, and 0.527). It may
be concluded that in JT 511 a trend is present toward a relatively more
rounded periphery in later growth stages.

In 18/5 from Partanna, a flatter h/q gradient is present than in the other
assemblages of the inflata group. The probability that there are relatively
higher q values than in MC 112 is 98.68% (Zk = 2.22). The low h/q ratios
found in 18/5 also appear to be present in the inflata group from the Gulf of
Mexico (section 111.4.3.).

The relative width of the last chamber is variable (fig..34). In JT 511 the
r.m.a. of biB has a position comparable to that in the very compactly built
crassaformis group in JT 513; k values are 1.05 and 1.06 respectively. At the
other end of the variation JT 657 and MC 112 show r.m.a. positions (k =
0.72 and 0.67) in the area covered by the bononiensis group. The probability
that in JT 511 last chambers are more embracing than in JT 657 and MC 112

is more than 99.95% (Zk = 4.72, and 4.11). The slight embracing of the last
chambers in JT 657 and MC 112 corresponds to the high number of abnor-
mally shaped, too small, last chambers. This is illustrated in the table below.

aperture a abnormal
Sample N arched intermediate slit 3 3-4 4 4-5 5 shaped

412/415 34 22 4 6 6 16 12 4
]T 511 42 33 4 2 1 23 16 2 2
]T 657 71 57 2 9 8 54 8 21
Me 112 35 24 6 2 5 26 4 12
18/5 33 31 1 28 5

The higher number of large a values in these assemblages, as compared to
412/415 and JT 511, may be also due to this smaller relative width of the



,..m ,..m
400 400

-..J
.j::..

1-2

300 aoo

bL
8

2-JT657-le Castella

l-MC112-Catanzaro
0- JT511-Santerno

()(. 412/415·Santerno well

I( -lB/5-Portonno drilling18

bL
B

a-266/26gcm-Sigsbt:e core
2-JT48'2}. .
1~JT10~8 TobionoBagnl



last chamber. In 18/5 this does not become true. In all assemblages, with the
exception of 18/5, the distribution of a shows the relatively wide variation,
also found in the bononiensis group.

As illustrated by the table above, our specimens generally show an arched
rounded aperture. However, up to 30% may be slit-shaped or nearly so.
Earlier growth stages only show smaller, rather rounded, intercameral fora-
mina. Generally a distinct imperforate apertural rim is present.

In the bononiensis assemblages we find a similar apertural rim, but the
apertures are higher arched. In the puncticulata group the apertures are
comparable to those in the inflata assemblage, but slit-like forms are scarcer;
the rim is not so clearly developed.

Finally it has to be remarked that coiling is predominantly sinistral.
It may be concluded that the assemblages and specimens included in the

inflata group show considerable variation. However, a consistency seems
present in the rounding of the last chamber: relatively high q values occur.
The variation in a is large, the aperture is rather highly arched to slit-shaped.
The inflata specimens may be mistaken for specimens of the puncticulata
group, especially when insufficient material is present (N < 20-30). From
the stratigraphic point of view a relationship with this group is not obvious.

This group was studied in five samples of the Italian Pliocene (tables 8, 10,
12). In JT 481 the puncticulata group is present as well. In 1/5 the margari-
tae group is associated with crassaformis and puncticulata assemblages. In
three assemblages (Nto tal = 90) counts and measurements were performed.
Most specimens are keeled, and posses five chambers in the last whorl. The
coiling is dominantly sinistral. The patterns of h/q, h/'i2(L+B), and b/B are
closely comparable to that of the Cretan reference assemblage 853 Cz
(fig. 35). In fact the Cretan and Italian material is nearly identical.

Fig. 34(1.) R.m.a. ofh/q, h/% (L+B), and biB in five assemblages of the inflata group from Italy and one
(194/197) from the Gulf of Mexico, compared with the h/q and biB r.m.a. of the
bononiensis group in 849E, and the h/q r.m.a. of the puncticulata group in 848F, Crete.
JT 657 is the reference assemblage of the inflata group.

Fig. 35 (r.) Idem; - the margaritae group from Tabiano Bagni, Italy, and from the Sigsbee Knoll core,
Gulf of Mexico, compared with the r.m.a. of the reference assemblages 853C2, Crete.



Counts and measurements were performed on five Pliocene-Recent sam-
ples from the Gulf of MexicQ (table 13). Four samples are from the Late
Cenozoic of the Sigsbee Knoll core; one is a Recent bo-ttom sample.

The 550 cm Sigsbee core (number 64-A-9-5E) was collected on a Texas
A & M University cruise (Bryant and Pyle 1965). It was taken from a depth
of 3536 m, near the crest of one of the Sigsbee Knolls, 125 m elevated above
the abyssal plain of the central Gulf of Mexico. The planktonic record would
be continuous and undisturbed from Late Miocene to Pleistocene (Pyle
1968, Lamb 1969).

The most recent biozonation is given in fig. 2 (Lamb and Beard 1972,
fig. 17).

By courtesy of J. L. Lamb (Houston) we could study splits of all 31
wash-residues of this core. The basal interval (470-284 cm) did not yield
sufficient material. In the interval from 266-163 cm, dated as Middle
Pliocene to Pleistocene, four wash-residues were analysed (see below).

For comparison with the Sigsbee crassaformis group one Recent bottom
sample from the Gulf of Mexico was studied (donation F. P. van Morkhoven,
Houston). The sampling depth is approximately 400 m. In this paper the
sample is referred to as 400. Our results are:

400
185/189 cm
194/197 cm
200/203 cm
266/269 cm

(Recent)
(Pleistocene)
(D. Pliocene)
(D. Pliocene)
(M. Pliocene)

crassaformis group
crassaformis group
crassaformis group + inflata group
crassaformis group
crassaformis group + margaritae group

From 266/269 Lamb and Beard (1972) reported G. crassacrotonensis and
G. margaritae; from 200/203, 194/197, and 185/189, G. crassaformis; and
from 194/197 cm., G. inflata.

G. crassacrotonensis and G. crassaformis form part of the G. crassaformis
lineage described by Lamb (1969), and Lamb and Beard (1972), amongst
other places from the Sigsbee Knoll core. The following quotation is from
the 1972 paper: "In this plexus the slightly convex spiral side becomes
nearly flattened; the chambers in the last whorl are reduced from a usual4Y2
to 4; the test outline changes from symmetrically lobate to less lobate to
broadly quadrate; and the umbilical region becomes deepened. Specific
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Scatter diagrams and r,m,a, of h/q, h/Yz (L+B), and biB in the crassaformis group from the
samples 185/189 and 400, Gulf of Mexico, The scatter diagram of biB in 400 has been
omitted.



differences are seen in the increasingly higher vaulting of the chambers on
the umbilical side from Middle to Late Pliocene. This character can be
expressed in terms of the acute angle formed by the confluence of the
chamber walls at the peripheral margin, which is smaller in more phylo-
genetically primitive individuals".

The early part of the lineage (326-284 cm) yielded no more than a single
specimen per sample. Sufficient material for counts and measurements was
obtained from higher samples (see above). In the samples 200/203, 194/197
and 185/189 there is much more thickening of the walls than in sample 400,
taken from shallower water. The phenomenon is especially clear in the larger
size fractions. The absence of a part of the small size specimens in 185/189
(fig. 36) may be due to differential solution of thin-shelled smaller forms
(Berger 1971, p. 347).

In 194/197 and 185/189 an arbitrary distinction was made between
crassaformis specimens and the less common G. tosaensis. Specimens consid-
ered to belong to G. tosaensis have a rather circular equatorial outline. The
last chamber is often asymmetrical and elongated in umbilical view.

Our total assemblage comprises 186 specimens; the data of 194/197 and
400 are based on 22 and 28 specimens respectively. In 400 the probability of
a positive correlation of hand q is only 99%, in the other samples it is more
than 99.95%. This lower percentage in 400 is due to the high number (85%)
of keeled forms with low q values, which cause a very steep gradient of
h/q: k = 5.16.

In the Sigsbee assemblages the periphery is more rounded, as in 884Q
from Crete (fig. 37; table 13). This rounded appearance may be partly due to
thickening of the wall, except in 266/269. In this assemblage thickening is
less pronounced. Based on h/q values the probability that in 266/269 the
specimens are more rounded than in 400 is 98.87% (Zk = 2.28). Nevertheless,
our data do not fully justify the conclusion of a trend from more rounded to
more angular forms. The conclusions of Lamb and Beard that in the
crassaformis plexus trends exist to a flatter spiral side and a more acute
periphery, are not confirmed. Actually q gives a mixed expression of the
acuteness of the periphery and the convexity of the spiral side.

The position of the r.m.a. of biB demonstrates the strongly embracing
character of the last chamber (fig. 37), identical to that in 884Q.

The relative height shows an irregular trend (fig. 37). In the Sigsbee
assemblages there seems to be an increase in relative height. The probability
that in 185/189 the height increases more during growth than in 266/269 is
about 99.8% (Zk = 2.89). The r.m.a. of the assemblages stratigraphically in
between have an intermediate position. The mean height (and the mean
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assemblage in 884Q, Crete.



diameter) also increase stratigraphically upward. For instance 11 in 200/203 is
significantly larger than it is in 266/269 (t = 3.70).

In sample 400 there are still larger specimens, but these are relatively
flatter, which can be seen from the very small area of overlap of the hJY2
(L+B) scatter fields of 400 and 185/189 in fig. 36. In Sigsbee sample
163/167 (not measured), stratigraphically above 185/189, relatively large
and flat specimens, similar to those in 400, seem to be common too.

It may be concluded that increasingly higher vaulting takes place in the
course of the Plio-Pleistocene interval of the Sigsbee core. Relatively flatter
specimens occur again from Pleistocene to Recent, but we need more data
for the conclusion that this is a reversal of the trend. There is no obvious
similarity with the irregular trends in the Mediterranean Pliocene.

The variation in a is wider than that in the Mediterranean assemblages, but
the mode is again at 4. No trend was observed from 4-5 to 4 chambers.

The coiling direction is dominantly sinistral, except in 194/197, in which
it seems to be random, and in 185/189 where dextral coiling predominates.
This was also observed by Lamb and Beard. The Mediterranean specimens
are coiled sinistrally, with the exception of the Asteri specimens in Crete
and the Crostolo assemblage in Italy.

From Sigsbee sample 266/269, 39 specimens of the margaritae group were
analysed (table 13). Pyle (1968) and Lamb and Beard (1972) already men-
tioned G. margaritae from this sample. The species would occur up to
247 cm. From 194 cm upward we observed specimens which differ from
those of 266/269 by a less convex spiral side. Their umbilical side is not
depressed in the centre; the keel is more pronounced. This is possibly
G. praehirsuta Blow of Lamb and Beard (1972, pI. 15, figs. 9-12). Morpholo-
gically G. praehirsuta may overlap the margaritae group.

Our specimens in 266/269 are closely comparable to those of the Mediter-
ranean margaritae assemblages. The convexity of the spiral side and the
relative width of the last chamber may be slightly larger, but these differ-
ences seem tobe of minor importance (fig. 35).

Counts and measurements were carried out on 36 specimens from Sigsbee
sample 194/197 (table 13). The inflata group was not found in stratigraphi-
cally lower Sigsbee samples. This is in accordance with the observations of
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194/197, Gulf of Mexico.



Pyle (1968) and Lamb and Beard (1972) on G. inflata.
The patterns of h/q, hY2(L+B) and b/B illustrate the strong posltlve

correlation (p < 0.0005) and the fair linear relation of the parameters
(fig. 38). Our specimens resemble those of sample 18/5 from Partanna, Sicily
(fig. 34). The probability that the gradients in h/q and b/B from 18/5 and
194/197 are different is 84.2% and 57.5% respectively. The mode of a is not
3-4 or 4, as in the Mediterranean assemblages, but at 4-5.

IlLS. New zealand

In 1966 Kennett reported from New Zealand Neogene rocks a gradational
sequence of assemblages from G. miozea (Finlay) via G. conomiozea Kennett
to G. crassaformis (Galloway and Wissler).

Lower Pliocene
Upper Miocene

New Zealand Stages

Opoitean
Kapitean
Tongaporutuan

G. crassaformis
G. conomiozea
G. miozea

According to Kennett the bioseries might be related to the parallel and
rather similar lineage from G. miozea to G. inflata (d'Orbigny) described by
Mc Innes (1965). In 1967 the author stated that his G. crassaformis resem-
bled G. puncticulata better (Proc. C.M.N.S. 1967, pt. 2, p. 9).

By courtesy of J. P. Kennett we got three samples from the Blind River
section, one of the original sections from which his crassaformis lineage was
reported. The sample numbers are:
2038 (Early Opoitean), close to Kennett's original sample 648 with G. cras-

saformis.
2018 (approximately Early Kapitean), between 640 and 641 (G. cono-

miozea)
204 (Late Tongaporutuan), close to 637 with G. miozea.
After flotation with C C14 each sample yielded some 20 planoconvex,

strongly thickened Globorotalia specimens.
The axial outline of the test is conical to dome shaped; the equatorial

outline is fairly rounded. The lateral outline of the chambers is frequently
slightly sinuous. Commonly a keel is present; the aperture is slit-shaped.

None of the three assemblages has a close morphological resemblance to
our planoconvex groups. In our crassaformis group the axial outline is
conical; the equatorial outline is rather square. In the puncticulata group the
chambers are more globular, no keel is present and the aperture is nearly
always higher arched. In neither of the two Mediterranean groups did we
observe a sinuous lateral outline of the chambers.



In 2038 we found in addition to G. conomiozea-like forms some variety
of G. scitula. Assemblages with comparable forms occur in the Late Miocene
of Eastern Crete (pers. comm. W.]. Zachariasse).

The scanning electron microscope photographs of the Pliocene Globoro-
talia specimens in the plates 1-8 reveal details of wall structure, some of
which will be briefly discussed.

As a general conclusion it may be stated that the wall structures of our
groups neither support nor alter our classification. The formation of pustules
during thickening of the wall is especially pronounced in the crassaformis
group. At the inner side of the wall of a bononiensis group specimen the
pores show craterlike widening, which was not observed in a specimen of the
puncticulata group (plate 8, fig. 9). The incidental character of these obser-
vations does not allow any generalisation.

In many assemblages there is a widely different state of thickening of the
walls. Specimens of the puncticulata and crassaformis group with strongly
thickened wall incidentally show a honey-comb surface structure, which
superficially resembles that of some Globigerina or Globigerinoides speci-
mens (plate 6, figs. 1, 6; plateS, fig. 6; plate 2, fig. 1): The honey-comb
structures seem to result from a strong increase in pore diameter toward the
outer surface of the wall during thickening (plate 8, figs. 1, 2). In later
growth stages a more irregular pustula crust is formed, which seems to
reduce the effective size of the pore openings (plate 5, fig. 6, n-2 and n-3
chamber). In the bononiensis specimen of plate 8 (fIgs. 7, 8), the outward
widening of the pores is accompanied by a coarsening of the outer surface.
This relief is not comparable to the wall relief in Globigerina (plate 8, figs. 4,
5), in which the coarsening is caused by protruding bases of the spines,
present on living specimens.

Finally some remarks concerning the preparation and photo-technique.
The specimens to be illustrated were cleaned with acetone to remove glue

remains (now and then still visible), and mounted on stubs with double
sticking Scotch tape. Care was taken not to cover the whole surface of the
stub with tape so that a good conductance was assured. Coating was done
with gold, to such an extent that the specimen look gilded, and after that by
some carbon to avoid charging. The photographs were obtained by means of
a Cambridge Stereoscan microscope MKlIa, at 5 or 20K.V. Each specimen
was scanned in 200 seconds. The film is 35 mm Ilford FP 4.



The total body of counts and measurements (figs. 39,40; table 2) permits
a number of general conclusions regarding taxonomy and trends. Remarks
will be given on phylogeny and the relations to species described in the
literature. Finally a biostratigraphic scheme is proposed for the Mediterra-
nean Pliocene (fig. 44).

The five groups of Globorotalia presented in this paper can be distin-
guished on the basis of six characteristics: (1) The axial shape of the test,
(2) the patterns of hi q, (3) the shape of the aperture, (4) the patterns of biB,
(5) the presence of a keel or an imperforate peripheral band, (6) the mode
and variation of a. .

The three first mentioned features are essential for our classification.
On the basis of all assemblages that are larger than 30 specimens we

calculated the pooled r.m.a. positions of hlq, hW2(L+B), and biB in each
group (fig. 39). In case of too wide a variation for a meaningful pooled r.m.a.
position, the maximal ra.nge of the r.m.a. is given.

The patterns of h/Vz(L+B) only permit a subdivision similar to that based
on the axial shape, i.e. in assemblages of planoconvex and biconvex speci-
mens. Trends in h/Vz(L+B) for the crassaformis assemblages are discussed in
the next section.

For each planoconvex group the characteristic patterns of hlq and biB
were reconstructed by plotting the maximal variation in the r.m.a. positions
within each of them, based on all assemblages larger than 30 specimens
(figs. 40,41).

The characteristic qualitative features of the Globorotalia groups are
illustrated by means of the composite frequency distribution of all counts
and the derived percentages values (table 2).

The total assemblage of each group used for all these data comprises:



groups measurements counts

crassaformis 654 specimens 791 specimens
15 assem blages 21 assem blages

puncticulata 562 specimens 708 specimens
14 assem blages 21 assem blages

bononiensis 245 specimens 292 specim ens
5 assem blages 7 assemblages

inflata 251 specimens 279 specimens
6 assemblages 7 assem blages

margaritae 151 specimens 292 specimens
4 assemblages 12 assemblages

The axial shape of the test: In the margaritae group the axial outline of
the test is biconvex. In the crassaformis, puncticulata, bononiensis, and
inflata groups only planoconvex specimens OCCULSince the margaritae
assemblage is extremely flat on the umbilical side, the gradient ofh/l/2 (L+B)
is flatter than in any of the other groups (fig. 39). The pooled Lm.a. is:

L+Bh = 11 + 0.44 (-2-)' sk= 0.035

In the puncticulata, bononiensis, and inflata groups the pooled Lm.a. are
respectively:

h = -13.9 + 0.78 (L;B),

h = -35 + 0.86 (L;B),

h = -15.6 + 0.80 (L;B),

The inflata assemblage of JT 511, which has a very steep gradient, is
omitted from the pooled Lm.a.

Trends in the gradient of h/l/2(L+B) in the crassaformis group are
discussed in the next section. Its values range from 0.46 in 817D from the
Francocastello Formation to 1.05 in 884Q from the Asteri Formation,
Crete.

The patterns of h/q (figs. 39, 40): In the crassaformis group the periphery
of the last chamber varies from sharply angular to widely rounded; q values
are small. The gradient of h/q varies from 5.16 in sample 400, Gulf of
Mexico to 2.31 in 849C, from Crete. A trend in the gradient of h/q will be
discussed in the next section.

The area of the Lm.a. of h/q of the crassaformis group slightly overlaps
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inflata and margaritae groups, based on assemblages larger than 30 specimens. If variation in
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that of the puncticulata group. In the latter group the periphery of the last
chambers is generally slightly rounded. The gradient of k varies from 1.81 in
JT 481 to 3.09 in JT 810, both samples from N. Italy. This variation in k is
not due to some evolutionary trend for higher or lower q values, but it
merely reflects random variation in time around some imaginary k values
(see for instance fig. 31). The pooled r.m.a. is:

In the bononiensis and inflata groups the periphery of the last chambers is
broadly rounded. As compared to the puneticulata group relatively much
higher q values occur, resulting in a position of the r.m.a. to the right of the
area taken by the puncticulata group. The pooled r.m.a. in the bononiensis
assemblage is:

In the inflata group two (growth) trends occur. In the assemblages of the
samples JT 657, Me 11, and JT 511, all from the Italian mainland, k fluctu-
ates between 2.14 and 2.59. In 18/5 from Sicily and 194/197 from the Gulf
of Mexico k is 1.65 and 1.42 respectively. The pooled values in both sets of
samples are:

h;:: 15.5 + 2.36q,
h;:: 77 + 1.53q,

Sk ;:: 0.189;
sk ;::-0.160.

It is quite possible that further data will disclose a more continuous range
of k values.

Still higher q values appear in the keeled margaritae group, due to
biconvex axial shape. The pooled r.m.a. is:

The shape of the aperture. In the crassaformis and margaritae groups the
aperture is slit-shaped; generally an apertural rim or lip occurs. In the
puncticulata group arched apertures strongly predominate; a lip is not always
present. In the bononiensis group the aperture is widely arched and it may
be rather semicircular; a pronounced apertural rim is present. In the inflata
group arched apertures predominate but slit-shaped forms may be fairly
common as well. A rim is usually well developed.

The percentages concerning the distribution of the apertural form are:



groups Ntotal arched intermediate slit

crassaformis 791 0.3 0.6 86.7
puncticulata 708 75.7 8.0 4.3
bononiensis 292 94.5 0.3 0.3
inflata 279 75.9 7.1 10.3
margaritae 292 0.05 89.0

The patterns of biB (figs. 39, 40): In the crassaformis and especially in the
larger margaritae specimens the last chamber strongly embraces the previous
part of the test. This is expressed by the pooled r.m.a. position of biB:

crassaformis group b = -4.9 + 0.90B, sk = 0.048
margaritae group b = -40 + 1.02B, sk = 0.051.

Little variation is displayed by the r.m.a. of biB in the puncticulata group.
In general the last chamber in later (growth) stages embraces less widely than
it does in the crassaformis group, except for 853A, from section Loutra in
Crete. In this puncticulata assemblage the last chambers are strongly em-
bracing: k = 0.99 (plate 5, figs. 4-6). This assemblage is not included in the
pooled r.m.a. of bIB:

b = 20.5 + 0.77B, Sk = 0.061.

In the inflata a group the variation in biB is wide; k of their r.m.a. varies
between 0.67 in MC 11 and 0.72 in JT 657 to 1.06 in JT 511, all assem-
blages from Italy. The other assemblages have intermediate values. The low
gradient in JT 657 and MC 11 seems to be caused by the high proportions of
individuals with abnormal chambers. In JT 511 the percentage is about 5%,
in the other two assemblages about 30%.

In the five assemblages from the bononiensis group the ratio bIB is
remarkably constant, as in h/q and in h/Y2(L+B). The relative width of the
last chamber is smaller than it is in the puncticulata group, but there is no
difference in slope. The pooled r.m.a. is:

b = 1 + O.77B, sk = 0.073.

The ranges of the maximal variation in r.m.a. positions for all planoconvex
assemblages in fig. 40 demonstrate that a clear distinction can be made
between the crassaformis and puncticulata groups with higher b values and
the bononiensis group with relatively lower ones. The inflata group displays
a wider variation. The reconstruction of the patterns of biB greatly depends



on vanatlon due to a mixture of specimens with abnormally and normally
shaped last chambers.

The presence of a keel. In the crassaformis group, 0-86% of the specimens
per assemblage possess an imperforate peripheral band or a keel. In the other
planoconvex groups, a keel or imperforate zone is absent. In the margaritae
group 66% ot the specimens possess a thin keel or imperforate band; the
variation per assemblage is small.

The mode and variation of a. The number of chambers in the last whorl,
(a), is widely different. The exact frequency distributions in percentages are
given below:

groups 3 3-4 4 4-5 5 5-6 6 Ntotal

crassaformis 0.3 86.8 8.7 4,2 791
puncticulata 2.4 94.4 3,0 0,2 708
bononiensis 2,7 47.3 41.7 7,1 292
inflata 2,5 19,7 63.0 12.9 1.4 279
margaritae 0,3 0,3 3.7 75,3 14,7 5,7 292

In the crassaformis group the variation in a is small; the percentages in the
classes 4-5 and 5 are mainly due to the high number of Gulf of Mexico
specimens with 4-5 or 5 chambers in the last whorl. In the puncticulata
group the variation in a is very limited; a is mainly 4. In the bononiensis
assemblages from 884N and 849E, both from the Asteri Formation in Crete,
the mode of a is at 4-5; in the other samples, at 4. Predominance of higher a
classes corresponds to lower b values. The variation in a is rather large. In the
inflata assemblages the mode of a is at 4, except in JT 511 and 412/415
from the Santerno localities, in which it is at 3-4. The range in a is broad.
Specimens of the margaritae group predominantly have 5 chambers in the
last whorl.

"Evolutionary" trends were observed only in the crassaformis group. In
stratigraphically successive assamblages in the Asteri - Stavromenos sections
a development in the degree of roundness of the chambers occurs. From
848A to 849C the gradient of h/q decreases strongly; a slight, though not
significant, increase in the gradient takes place from 849C to 884Q (fig. 21;
see also plates 1,2). In other sections only irregular and mostly random



i-inflata group
b..bononiensis group
p-puncticulata group
c-crassaforrni s group

Fig. 41 Areas occupied by the r.m.a. of h/q and biB in the crassaformis, puncticulata, bononiensis,
and inflata groups, based on all assemblages larger than 30 specimens.

fluctuations in the gradient of h/q were observed.
Changes in umbilical height were found more frequently in the crassa-

formis group, but their stratigraphic value, as postulated by several authors,
could not be demonstrated. In the Asteri and the Francocastello Formations
from Crete the relative umbilical height changes considerably from bottom
to top of the major sections (plates 1-4). However, the change is not a
regular one (fig. 42). In the Francocastello Formation the specimens are
larger and more thickened than in the Asteri Formation, and sinistrally
coiled instead of dextrally.

In our limited Italian material there is no regular trend in h/V2 (L+B) either
(fig. 28), and there is no clear correlation with the meandering "evolution-
ary" path of the Cretan populations. The coiling is mostly sinistral.

In the Plio-pleistocene interval of the Sigsbee Knoll core, Gulf of Mexico,
the relative umbilical height shows an increase, and the coiling direction
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Fig, 42 Irregular trends in the umbilical height of nine assemblages of the crassaformis group,
illustrated by the r.m.a. of h/Yz (L+B). The samples are arranged in stratigraphic order, the
Francocastello Formation is as a whole younger, or partly so, than the Asteri Formation.

changes from sinistral to dextral. However, in the Recent sample 400 from
the Gulf of Mexico, specimens are much flatter and coiled sinistrally (fig. 38).

In this section we will discuss the relations of our Globorotalia taxa to the
species described from the literature. Attention is given to the phylogeny of
our groups.

The crassaformis group probably includes a great number of species from
the literature. The rather high conical forms resemble Globigerina crassa-
formis originally described by Galloway and Wissler (1927, Pleistocene
foraminifera from the Lomita Quarry, Palos Verdes Hills, California. J. Pale-
ont., vol. 1, no. 1,_p. 41, pI. 7, fig. 12). Flatter forms in our assemblages



resemble Globorotalia crassula Cushman and Stewart (1930, San Diego Soc.
Nat. Hist. Trans., vol. 6, p. 77, pI. 7, fig. 1), G. crassacrotonensis and G. cro-
tonensis of Conato and Follador 1967, and G. hirsuta aemiliana Colalongo
and Sartoni 1967. Topotypes of the latter three taxa are present in the
Utrecht collections.

Our data do not confirm the lineage from G. crotonensis via G. crassa-
crotonensis to G. crassaformis, or from G. hirsuta aemiliana to G. crassa-
fo rm is, as recorded by the Italian authors mentioned above, from successive
levels of the Italian Pliocene. The assumed regular increase in relative
umbilical height which would characterize the lineage is opposed by more
fluctuating patterns of change in our Cretan and Italian material.

G. crassaformis in the sense of Barbieri and Petrucci (1967), and of
Iaccarino (1967), which would occur together with G. puncticulata in the
Torrente Crostolo section and in the Tabiano Bagni section, was found to be
unseparable. All specimens have evidently been included in our puncticulata
group. This follows from our data on these sections and from comparison
with material in the Utrecht collections, kindly given by Barbieri.

The origin of the crassafromis group is obscure. As outlined in section
IlLS its development in the New Zealand Neogene from G. miozea Finlay
seems unlikely.

Some authors suggest a lineage from G. crassaformis to G. tosaensis Taka-
yanagi and Saito to G. truncatulinoides (d'Orbigny). Intergradation with
G. tosaensis seems to be present in the Sigsbee Knoll Core, Gulf of Mexico
(section IlL4.1). G. tosaensis was not found in our Mediterranean samples.

Our puncticulata group includes forms described and figured as G. punc-
ticulata (Deshayes) by Banner and Blow (1960), who designated the lecto-
type, and by Barbieri (1971), who gave several original figures. The type
locality is Rimini, Italy, which implies the usual uncertainty about the type
level: Pliocene-Recent.

Specimens described and figured by Dondi and Papetti (1968) as G. punc-
ticulata padana from the Po valley Pliocene also occur in our material. Since
G. puncticulata is often confused with other taxa it is difficult to find an
opinion from the literature on the possible horizontal distribution and
vertical range of the puncticulata group. Moreover, this group shows mor-
phological overlap with the stratigraphically younger inflata group. In our
record it would be restricted to the Early-Middle Pliocene.

The records of G. puncticulata by Banner and Blow (1960) from the
Pleistocene of Sicily and in "collections from Recent seas", probably refer
to specimens of our inflata group. The same may be true for the observations



of Bandy and Ingle (1970) of "typical specimens of G. inflata with rare
specimens of G. puncticulata", in the Lower Pliocene (?) of the Repetto
Formation in California. Their figured specimens all show a broadly rounded
periphery which is rather indicative of the inflata group.

Figures of specimens from Pleistocene cores in the Southern Pacific,
tentatively assigned to G. puncticulata by Kennett (1970), bear resemblance
to our specimens. However, most students of the Mediterranean Cenozoic
agree that in this area G. puncticulata is restricted to the lower part of the
Pliocene, which would be in accordance with the range of our group.

The phylogenetic position is obscure. According to Blow (1969) G. sub-
scitula Conato would be ancestral. No morphological transition from the
puncticulata group to the bononiensis group was observed; the phylogenetic
transition from G. puncticulata to G. bononiensis suggested by Colalongo
and Sartoni (1967) seems unwarranted.

G. bononiensis was originally described from Pliocene deposits along the
Savena river, east of Bologna, Italy (Dondi 1963, Nota paleontologico
stratigrafica suI Pede-appenino Padano. Boll. Soc. Geol. Ital., vol. 81, no. 8,
p.162,pl.4).

Topotypes present in the Utrecht collections closely resemble specimens
of our group. G. puncticulata bononiensis, listed by Colalongo (1967) seems
to be equivalent to G. bononiensis.

So far specimens of the bononiensis group were observed only in the
Mediterranean Pliocene. The origin of the group is obscure. In the Franco-
castello Formation, in Crete, there seems to be a morphological transition to
the stratigraphically younger inflata group, a transition as yet not observed
in other sections. In 1967 Colalongo and Sartoni suggested the lineage from
G. bononiensis to G. inflata, on the basis of material from the Po valley
Pliocene.

Our inflata group is named after Globigerina inflata d'Orbigny (1839, in
de la Sagra, Hist. Phys. Pol. Nat. Ile Cuba, p. 134, pI. 2, figs. 7-9). The
original specimens are from Recent deposits off the Canary islands. Banner
and Blow (1967) designated a neotype for the species. Their figure agrees
well with several of our specimens.

Confusion exists in the literature between G. inflata and G. puncticulata.
For instance Parker (1967) reports G. inflata from the type (?) Tabianian;
Blow (1969, p. 350) mentions the species to be abundant in the Trubi marls
of Sicily. In our opinion it is in both cases the puncticulata group that
occurs in these Lower Pliocene deposits. On the other hand, G. puncticulata



determined by Catalano (1969) from the Partanna drilling no. 18 has to be
included in our inflata group.

The phylogenetic position of the group is rather obscure. According to
McInnes (1965) and Walter (1965), G. inflata would originate from G. mio-
zea Finlay in the New Zealand Neogene. Colalongo and Sartoni (1967)
suggested that G. bononiensis might be ancestral to G. inflata. As mentioned
above, there is some evidence of a morphological transition between these
two groups in one of our Cretan sections (plate 7). Whether this single
example of a transition is an accidental one, or a reflection of a more
widespread evolutionary change, remains as yet uncertain.

The margaritae group is named after G. margaritae, originally described by
Bolli and Bermudez (1965, Bol. Inform. Venez. Geol. Min. Petr., vol. 8,
p. 139, pI. 1, 'figs. 16-18). The type locality is in the Neogene of Margarita
Island, Venezuela. G. margaritae includes G. hirsuta Cushman (non d'Or-
bigny), (1931, U.S. Nat. Mus. Bull. vol. 104, no. 8, p. 99, pI. 7, fig. 6). The
concept of G. hirsuta in Conato and Follador (1967), Barbieri (1967),
Colalongo and Sartoni (1967), Iaccarino (1967), and Barbieri and Petrucci
(1967) seems to agree with that of Cushman. Specimens of the Pliocene
G.hirsuta, presented to the Utrecht department by some of the authors
mentioned above, closely agree with our specimens.

Our data do not support the idea of the lineage from G. hirsuta Cushman
(non d'Orbigny) to G. hirsuta aemiliana (G. aemiliana of authors), proposed
by Colalongo and Sartoni (1967).

The relation of our specimens to the Recent species G. hirsuta (d'Orbigny)
(= Rotalina hirsuta d'Orbigny, in Barker, Webb and Berthelot, Hist. Nat. Iles
Canaries, vol. 2, pt. 2, p. 131, pI. 1, figs. 37-39) is not clear. Banner and
Blow (1967) postulated the lineage G. margaritae to G. sp. aff. hirsuta
(= G. praehirsuta Blow, 1969) to G. hirsuta.

The origin of G. margaritae is unknown; perhaps it descended from
G. scitula gigantea Blow, which shows some morphological resemblance. The
latter taxon is present in the Cretan Miocene deposits (W. J. Zachariasse,
pers. comm.). No transitional stages were found. According to Blow (1969)
G. scitula scitula (Brady) would be ancestral to G. margaritae. This scitula
variety is morphologically very close to G. scitula gigantea.



Pliocene has to rely on a succession of taxa whose relationship are almost
completely unknown. They seem to be unrelated groups apart from a
possible link in Crete between the bononiensis and inflata groups.

In none of the groups do clear evolutionary trends occur. The complicated
changes in stratigraphically successive crassaformis assemblages, present
throughout the Pliocene interval, cannot be used for interregional biostrati-
graphic correlation. The evolutionary zig-zag path of this group seems to be
different from one place to another. Probably the course of development
was influenced by local circumstances, the nature of which is not yet clear.

Crete: As a general conclusion it may be stated that assemblages of the
margaritae and puncticulata groups are followed upward by those of the
bononiensis group and the latter is succeeded by the inflata group.

In Crete the margaritae and puncticulata groups are found in the Mirtos
and Dhramia Formations, in the lower part of the Faneromeni Formation
from the Sikia section, and in the Asteri Formation from the section Viran
Episkopi.

The first appearance of these groups in the Faneromeni and Mirtos
Formations is fixed on top of the occurrences of marl breccias or gypsum in
the basal parts of the Sikia and Mirtos sections. These sediments are close to
the Pliocene lower boundary (Fortuin in prep; Gradstein 1972). The dis-
appearance level of the margaritae group is somewhat below the level at
which the puncticulata group disappears.

The margaritae group has not been found in the Asteri Formation in the
Asteri section; it is the crassaformis group that occurs in the basal strata,
together with representatives of the puncticulata group. From field data
these basal strata have been placed in a position lateral of the Asteri deposits
in the lower part of the Viran Episkopi section; for this reason it is not very
likely that the Asteri section would contain only the higher part of the range
of the puncticulata group.

The bononiensis group appears in the upper part of the Faneromeni
Formation, midway in the Asteri Formation from the Asteri-Stavromenos
sections, and in the lower part of. the Francocastello Formation.This is well
above the level at which the puncticulata group disappears.

In the Francocastello section the assemblage of the bononiensis group
may be ancestral to the representatives of the inflata group higher up.
Because of the presence of the injlata group, the Francocastello Formation is
thought to be younger than the larger part, at least, of the Asteri Formation;
it may represent the youngest Pliocene in Crete. The more pronounced
thickening and the much greater test dimensions of the crassaformis speci-
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mens in the Francocastello Formation as compared to the specimens from
the Asteri Formation indicate that the Francocastello deposits were proba-
bly formed in a deeper marine environment than were the Asteri sediments.

The vertical distribution pattern of the crassafo rm is, bononiensis, and
inflata groups in the latter two formations suggests that these groups are
commonly not found in the same samples (figs. 13, 15). Whether this is due
to a random patchy distribution in the seas, or to unknown fluctuations in
environmental conditions of more general character cannot be decided.

Such an irregular patchy distribution in the sediments both in vertical and
lateral directions is common among the representatives of our Globorotalia
groups. This is especially striking in the longer sections with many samples.
This irregularity is one of the drawbacks of the Globorotalia biostratigraphy,
because absence of taxa is frequently without stratigraphic importance.

Figure 43 summarises the Globorotalia succession from Crete and from
Italy. For comparison the 52 data in assemblages of the Uvigerina cretensis
lineage are inserted, which assemblages are present in some of the sections
(Meulenkamp -1969, Fortuin in prep., Gradstein 1972). Values ofs2 between
75 and 60 are indicative of u. lucasi Meulenkamp, values between 60 and 50
point to U. arquatensis Papp. Differences between S2 values up to about half
of the biometric range of these species are within the errors of the method
employed.

With these error limits in mind reasonable agreement exists between the
occurrences of the Globorotalia groups and the Uvigerina species in the
Cretan Pliocene.

In the Mirtos section one of the S2 values is higher than expected.
However, some reworking of the benthos is suggested by the sudden decline
of the S2 values at the top of the Mirtos marls.

-

Direct or indirect correlation of the Cretan formations with deposits in
the Pliocene type sections in Italy indicates the widespread presence of
sediments of Tabianian and Piacenzian Age in Crete. The Francocastello
Formation seems to be entirely of younger Piacenzian Age. Assuming equal
time spans of the stratigraphic ranges of the puncticulata and bononiensis
groups, and of the range of the inflata group in the Pliocene (fig. 44), it may
be estimated at which rate sedimentation took place in Crete during the
Pliocene. A recent estimate for the duration of the Pliocene, based on radio-
metric age determinations is 4.2 my. (Berggren 1971, table 52.37). In Crete
the Pliocene sediment column contains at least the stratigraphic ranges of the
puncticulata and bononiensis groups, which leads to an average rate of sedi-
mentation in the order of 3 to 4.5 cm/l000 years.
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Italy: In the type-section of the Tabianian representatives of the margari-
tae and puncticulata groups were found. The margaritae group starts some-
what earlier. A similar order of appearance was found in the Pasquasia
section( Sicily).

If we compare the uniserial Uvigerina species and the Globorotalia groups
that are present in the type Tabianian and in the overlying Piacenzian at
Tabiano Bagni with assemblages in the Cretan Pliocene, satisfactory agree-
ment appears. Assemblages of highly developed u. lucasi or primitive U. ar-
quatensis and the above mentioned Globorotalia groups occur together in
both areas.

No reliable data could be gathered from our samples in the type Piacen-
zian. However, if the Piacenzian may be equated with the interval between
the top of the Tabianian, concluded from the assemblage mentioned above,
and the base of the Italian Pleistocene, founded on the sudden appearance of
Hyalinea balthica (Schroeter), it comprises the upper part of the range of the
puncticulata group, the range of the bononiensis group, and the lower part
of the range of the inflata group.

In deposits of the Partanna drilling no. 1 (Sicily) the margaritae group
occurs together with the crassaformis group, an association not known from
Crete. Representatives of the puncticulata group are present as well. The
co-occurrence suggests that these deposits belong to the Lower Pliocene.
Concurrence of representatives of the puncticulata and crassaformis assem-
blages in deposits from the nearby drilling no. 18 (Catalano 1969) is not
confirmed. In our opinion the crassaformis group here occurs together with
the inflata group, for which reason the deposits in drilling no. 18 appear to
be younger than those of drilling no. 1.

The joint occurrence of the crassaformis and puncticulata groups on Sicily
(also Ruggieri et al. 1969), and on western Crete, and mentioned by Bizon
(1967) and Hug (1969) from the Pliocene of Northwestern Greece, was not
observed in the Cretan Sikia section nor in the North Italian Pliocene. Here
the crassaformis group appears well above the stratigraphically highest occur-
rence of the puncticulata group. These observations and the absence of
sustained change in the crassaformis group in the Italian and Cretan Pliocene
virtually exclude this group from being of importance for a Mediterranean
Pliocene zonation, except perhaps on a local scale.

Gulf of Mexico: Also in the Sigsbee Knoll core the margaritae group seems
to be restricted to a short stratigraphic interval, while the inflata group
appears higher in the column. Representatives of the puncticulata and



bononiensis groups are absent. The range of the crassajormis group partly
overlaps those of the margaritae and inflata groups. The possibility of a
regular trend in umbilical height in the crassaformis group in the Pliocene -
Pleistocene interval may be promising for local correlations.

For correlation between the Gulf of Mexico and the Mediterranean
Pliocene the vertical distribution of the margaritae group and the level at
which the inflata group appears may be useful.
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The Globorotalia crassaformis group in the Asteri Formation, W. Crete, sections Asteri
(848,849) and Stavromenos (884).

Plate 1, figs. 1- 4, sample 848A
Plate 1, figs. 5- 8, sample 848Ej

Plate 1, figs. 9-12, sample 849C
Plate 2, figs. 1- 4, sample 884N j

Plate 2, figs. 5- 8, sample 884Q (reference assemblage)

The series of specimens are arranged in stratigraphic order, those of 848A being oldest. The figures
illustrate the variation in h and in q in each of the assemblages. No exact illustration is given of the
trends in h/q and in h/Yz (L+B), (see fig. 21a).

From 848A to 849C the gradient of h/q strongly decreases, a slight though non-significant increase
takes place from 849C to 884Q. The gradient ofhlYz (L+B) strongly increases from 848A to 884Q. In
884N 1 flatter specimens are common, which results in a gradient less inclined than in 848A.

Plate 2, fig. 9 Globorotalia puncticulata group, sample 182, section Mirtos, Mirtos Formation,
E. Crete. Two other specimens from this sample are illustrated on plate 5, figs. 1, 2.

Plate 2, fig. 10 Globorotalia inflata group, sample JT 511, Santerno Imola section, N. Italy.
Individual specimens of the puncticulata and inflata groups, as figured in figs. 9, 10, may be
virtually identical.

The Globorotalia crassaformis group in section 817, Francocastello Formation,
W. Crete.

Plate 3, figs. 1-4, sample 817B
Plate 3, figs. 5-8, sample 817C
Plate 4, figs. 1-4, sample 817D
Plate 4, figs. 5--8, sample 817L,

The series of specimens are arranged in stratigraphic order, those of 817B being oldest. In this
section the axial view changes from high conical to low conical and again to high conical. In 817B and
C the gradients of h/'!2(L+B) are near identical; in 817D the height increases much less than the
diameter, resulting in a much flatter gradient; in 817L, the gradient lies at slightly higher values than
in 817B and C (fig. 21b).

Compared to the Asteri assemblages (plates 1, 2) the mean diameter is 50-100 /lm larger, the wall
is more strongly thickened and the coiling direction is mainly sinistral.











Globorotalia puncticulata group, sample 182, section Mirtos, Mittos Formation,
E. Crete. Another specimen from this sample is illustrated on plate 2, fig. 9.

Globorotalia puncticulata group, sample 853A, section Loutra, Asteri Formation,
W. Crete. The last chamber is more embracing the previous part of the test than it is
in other assemblages of this group (plate 5, figs. 1, 2; plate 6, figs. 5-10). This is
illustrated by the steeper gradient of biB in fig. 24a. Note the widely different state
of thickening of the wall. For detailed pictures of the coarsened wall of the specimen
in fig. 6, see plate 8, figs. 1-3.

Globorotalia margaritae group, sample 853C2 (reference assemblage), section Loutra,
Dhramia Formation, W. Crete. The axial shape is biconvex; the centre of the
umbilical side may be slightly depressed; the last chamber strongly embraces the
previous part of the test in later (growth) stages. Commonly there is a thin keel or an
imperforate peripheral band; the aperture is slit shaped; a varies from 3-4 to 6, the
mode is at 5.

Globorotalia bononiensis group, sample 849E, (reference assemblage, section Asteri,
Asteri Formation, W. Crete). The periphery is broadly rounded, resulting in high q
values (h/q, figs. 25); the aperture is highly arched (see also plate 7, fig. 2), a
pronounced rim is present. The last chamber is generally narrow, resulting in low b
values (biB, fig. 25). The mode of a is at 4-5; in other assemblages of this group it
may be at 4. The variation in a values in an assemblage is large. In fig. 3 .the last
chamber is lower and narrower than the previous one; it is therefore classified as
abnormal.

Globorotalia puncticulata group, sample 848F (reference assemblage, section Asteri,
Asteri Formation, W. Crete). The periphery is slightly rounded, resulting in relatively
low q values (h/q, fig. 24a); the aperture is generally arched, a rim may be present;
the apical. point of the last chamber may be rather pronounced. The mode of a is at
4; the variation in an assemblage is very small. In fig. 9 the last chamber is narrower,
the height is larger than in the previous chamber; this chamber is classified as normal.
Note the coarsened wall in the specimen of fig. 9 (honey-comb structure).







Morphological transition from the Globorotalia bononiensis group to the stratigraphi-
cally younger Globorotalia inflata group.

Globorotalia bononiensis group, ·sample 817E, section Francocastello, Francocastello
Formation, W. Crete. Broadly rounded periphery, highly arched aperture, apertural
rim.

Globorotalia inflata group, sample 817H stratigraphically above 817E (figs. 1-3),
section Francocastello, Francocastello Formation, W. Crete. The last chamber tends
to be less globose than in 817E; the apertural shape varies from fairly highly arched
to slit-shaped, there is an apertural rim. The q values tend to be smaller than in 817E
(hi q, fig. 25), but this is not a rule in the inflata group.

Globorotalia inflata group, sample JT 657 (reference assemblage) Le Castella,
S. Italy. The chambers may be less globose than in the bononiensis group, the
periphery of the last chamber is broadly rounded, resulting in high q values (h/q,
fig. 35). The aperture is fairly highly arched to slit-shaped, there is an apertural rim.
The mode of a is at 4, in other assemblages of this group it may be at 3-4; the
variation of a values in an assemblage is large.

Details of wall structures in Globorotalia specimens with a strongly thickened, coars-
ened test, compared with wall structures of Globigerina bulloides.

Inner surfaces and tranverse views of the broken edges of wall fragments of the last
chamber in the specimen of the puncticulata group illustrated in plate 5, fig. 6. The
pores widen toward the outer surface.

Outer surface, transverse views and inner surfaces of the wall of the last chamber in a
Globigerina bulloides specimen from sample MC 11, Santa Maria de Catanzaro
Pliocene of S. Italy. Note the protruding bases of the spines (broken off); the pores
are narrow and cylindrical.

Outer surfaces, inner surface and transverse view of fragments of the wall of the last
chamber in a specimen of the bononiensis group, sample 884Nz, Stavromenos
section, Asteri Formation, W. Crete. The specimen has a surface structure comparable
to that in fig. 1, plate 6. Note the accentuated surface topography and the narrow
pores, which suddenly widen toward the inner surface.







Table 1. Counts and measurements in two random samples of.the crassaformis group in 848A, Asteri
Formation, Crete. Below, the double set of data on the ratio h/q in JT 511, Santerno section,
Italy. For an explanation of the symbols in this and the following tables, see table 3.

sample no. group N coiling aperture keel a abnormally

sin. dex. arched slit 4 shaped

848Anew c 30 3 27 19 26 30 2
848Aold c 42 7 35 30 40 42 5

sample no. group N d(;Lm) k sk x± a (;Lm) y± a (;Lm)

848Anew c 30 -14 0.71 0.065 +0.866 280 ± 9.50 185 ± 6.74
+68 3.28 0.583 +0.220x 35 ± 2.06
-10 0.91 0.061 +0.929 258 ± 8.86 225 ± 8.05

848Aold c 42 -28 0.76 0.041 +0.935 277 ± 10.32 182 ± 7.82
+22 5.63 0.803 +0.379x 28 ± 1.39
-28 0.98 0.050 +0.944 256 ± 9.38 223 ± 9.20

JT 5110ld c 28 +12 2.48 0.264 +0.826 68 ± 3.11 181 ± 7.73
JT 5110ld + new c 42 +10 2.53 0.227 +0.813 67 ± 2.33 181 ± 5.89

Table 2. Total body of counts (above) and derived percentage values (below) on the discrete variables
in the margaritae, crassaformis, puncticulata, bononiensis, and inflata groups.

group N coiling aperture keel a abnormally

sin. dex. arched slit 3 3-4 4 4-5 5 5-6 6 shaped

crassaformis, 791 522 269 3 (5) 686 384 3 687 69 32 84
puncticulata 708 700 8 536 (57) 31 9 17 669 19 2 88
bononiensis 292 282 10 276 (1) 1 8 138 122 21 3 41
inflata 279 272 7 212 (20) 29 7 55 176 36 4 50
margaritae 292 277 15 260 193 1 1 11 220 43 15 30

crassaformis 791 65.9 34.1 0.3 (0.6) 86.7 48.5 0.3 86.8 8.7 4.2 10.0
puncticulata 708 98.8 1.2 75.7 (8.0) 4.3 1.2 2.4 94.4 3.0 0.2 12.4
bononiensis 292 96.5 3.4 94.5 (0.3) 0.3 2.7 47.3 41.7 7.1 1.2 14.0
inflata 279 97.5 2.5 75.9 (7.1) 10.3 2.5 19.7 63.0 12.9 1.4 17.9
margaritae 292 94.8 5.2 (0.05) 89.0 66.0 0.3 0.3 3.7 75.3 14.7 5.7 10.2



Table 3. Counts and measurements in stratigraphically successive samples from the sections Asteri
(exp. 848, 849, and Stavromenos (exp. 884), Asteri Formation, W. Crete.

c- crassaformis group; p- puncticulata group; b- bononiensis group;
i· inflata group; m- margaritae group.

In the upper part: the number of specimens per sample N, the coiling direction, the shape
of well visible apertures (intermediate forms between brackets), the keel or imperforate
peripheral band, the frequency distribution of a, and the abnormally shaped last chambers.
The measurements below cover per sample: upper row hi} (L+B), middle row h/q, lower
row biB. From left to right: the number of specimens per sample N; the r.m.a. intercept d,
the r.m.a. slope k, and the standard error of the slope sk' the correlation coefficient r (values
with an asterisk, p > 0.0005); the mean value and corresponding standard error of ~ (L+B),
q and B (x-axis); the mean value and corresponding standard error of h,h and b (y-axis).

sample no. group N coiling aperture keel

sm. dex. arched slit 3-4 4

884Q
884N2
884N1

849E
849C
848F
848E2

848E1

848A

56 13
89 86
18 1
54 49
58 6
55 55
13 13
33 1
72 10

56 hi} (L+B)
h/q
biB

-92
+69
o

-25
+46
-10
-20
+48
+3
-36
+19
-1
-44
+73
-2
-2
+59
+50
-24
+14
-15
-66
+43
+6
-24
+49
-23

56 17
(1) 1
(2) -

30 29
49 60

1.05
2.91
0.91
0.79
1.81
0.79
0.70
2.91
0.82
0.88
2.20
0.78
0.86
2.31
0.91
0.72
2.37
0.68
0.82
2.66
0.90
0.90
4.03
0.88
0.74
4.28
0.96

0.095
0.313
0.055
0.040
0.095
0.066
0.065
0.487
0.105
0.065
0.193
0.079
0.055
0.237
0.048
0.041
0.236
0.045
0.110
0.406
0.116
0.071
0.614
0.038
0.035
0.482
0.39

+0.736
+0.594
+0.892
+0.878
+0.869
+0.612
+0.918
+0.704
+0.839
+0.838
+0.766
+0.670
+0.875
+0.624
+0.916
+0.904
+0.677
+0.871
+0.875
+0.836
+0.886
+0.891
+0.486
+0.969
+0.915
+0.297x

+0.939

a abnormally

4-5 5 5-6 (" shaped

55 1
22 54
15 3
18 27
56 2
50 3
13
31 2
71 1

260 ± 6.06
38 ± 2.18
237 ± 5.55
264 ± 4.56
76 ± 2.00
246 ± 4.41
279±14.19
44 ± 3.42
254 ± 13.36
256 ± 4.99
77± 1.99
238 ± 4.75
252 ± 6.47
44 ± 2.41
231 ± 6.44
298 ± 8.16
64 ± 2.46
273 ± 7.56
277 ± 12.38
71 ± 3.79
256 ± 11.59
275 ± 11.24
35 ± 2.52
251 ± 10.55
279 ± 7.16
31 ± 1.24
257 ± 6.56

215 ± 5.03
185 ± 3.62

185 ± 3.50
176± 9.96

211 ± 10.93
189 ± 4.38

184 ± 3.70
173± 5.56

209 ± 5.87
211 ± 5.84

235 ± 5.20
202 ± 10.10

216± 10.44
183 ± 10.16

228 ± 9.31
183 ± 5.32



Table 4. Counts and measurements in stratigraphically successive samples from section 817, Franco-
castello Formation, W. Crete.

sample no. group N coiling aperture keel a abnormall:

sin. dex. arched slit 3-4 4 4-5 5 5-6 6 shaped

817L2 scitula 20 3 17 12 9 5 6 1
817L) c 42 41 1 2 (1) 12 6 40 2 5
817H 28 27 1 12 (2) 9 2 24 2 5
817E b 34 34 34 4 21 9 5
817D c 35 34 30 7 35
817C c 29 29 29 14 26 3 4
817B 37 36 1 35 9 37 -

sample no. group N d (I.Lm) k sk x± am (j.Lm) y± am (j.Lm)

817L2 scitula 20 -45 0.67 0.142 +0.315x 208 ± 4.03 95 ± 2.69
+31 1.81 0.404 -o.OOlx 35 ± 1.50
-3 0.83 0.149 +0.596 193 ± 4.08 157 ± 3.38

817L) 42 -4 0.68 0.053 +0.860 335 ± 15.30 222 ± 10.35
+84 3.06 0.456 +0.255x 45 ± 3.38
+3 0.84 0.047 +0.931 311 ± .14.15 263 ± 11.83

817H 28 +11 0.68 0.049 +0.925 254± 7.61 183±5.17
+58 1.90 0.202 +0.826 66 ± 2.72
+16 0.73 0.082 +0.808 236 ± 6.99 190± 5.14

817E b 34 -30 0.84 0.052 +0.933 266 ± 7.21 194±6.08
+26 2.07 0.161 +0.891 81 ± 2.94
+3 0.76 0.070 +0.846 248 ± 6.93 192±5.26

817D c 35 +19 0.46 0.034 +0.901 341 ± 14.35 178 ± 6.66
+48 3.22 0.460 +0.535 40 ± 2.07
-17 0.93 0.052 +0.944 316± 13.02 276 ± 12.10

817C c 29 -44 0.72 0.062 +0.885 307 ± 16.21 177±11.67
-34 5.11 0.763 +0.594 41 ± 2.29
+10 0.84 0.039 +0.969 281 ± 14.96 244 ± 12.49

817B c 37 -26 0.69 0.047 +0.911 326 ± 10.82 200 ± 7.49
+79 2.78 0.347 +0.650 44 ± 2.70
+20 0.81 0.040 +0.953 301 ± 10.39 264 ± 8.41



Table 5. Counts and measurements in stratigraphically successive samples from section 853, Dhramia+
Asteri Formation, and from section 854, Asteri Formation, W. Crete.

sample no. group N coiling aperture keel abnormall)
a

shapedsin. dex. arched slit 3-4 4 4-5 5 5-6 6

853B P 30 30 30 4 26 - 6
853A P 36 35 1 36 1 35 - 5
853C2 m 38 37 1 38 32 23 7 8
853C, P 39 38 1 29 (8) 2 38 9

854J p 27 27 16 (5) 3 26 1 3
854°2 m 22 21 1 13 6 2 15 4 2
854O, P 51 50 1 15 (6) 4 49 1 1 6

sample no. group N d (11m) k sk x ± am (11m) y ± am (11m)

853B p 30 +9 0.66 0.045 +0.925 307 ± 12.87 210 ± 8.43
+68 2.21 0.260 +0.764 64 ± 3.81
+17 0.78 0.089 +0.782 287 ± 12.31 242 ± 9.65

853A p 36 -24 0.80 0.058 +0.901 260 ± 7.17 184 ± 5.73
+53 2.42 0.262 +0.762 54 ± 2.37
-39 0.99 0.073 +0.896 241 ± 6.77 200 ± 6.72

853C2 m 38 +9 0.45 0.028 +0.925 341 ± 11.28 150 ± 5.07
+35 1.58 0.191 +0.668 73 ± 3.21
-59 1.09 0.076 +0.902 285 ± 10.14 251 ± 11.02

853C, p 39 -34 0.83 0.043 +0.947 318 ± 13.43 230 ± 11.14
+31 2.90 0.164 +0.936 69 ± 3.84
+16 0.80 0.048 +0.927 293 ± 12.76 249 ± 10.15

845J p 27 -54 0.95 0.077 :+0.909 267 ± 8.61 201 ± 8.21
+28 2.73 0.309 +0.809 63 ± 3.00
-6 0.90 0.078 +0.893 247 ± 8.12 217 ± 7.32

854D2 m 22 +53 0.28 0.042 +0.709 264 ± 8.49 127 ± 2.37
+81 0.86 0.140 +0.646 53 ± 2.75
-44 1.08 0.111 +0.876 238 ± 7.92 214 ± 8.57

854O, p 51 -30 0.84 0.064 +0.838 282 ± 6.15 206 ± 5.15
+51 2.62 0.254 +0.719 59 ± 1.97
+11 0.80 0.073 +0.755 263 ± 5.85 221 ± 4.67



Table 6. Counts and measurements in three stratigraphically successive samples from section 115,
Mirtos Formation, E. Crete.

sample no. group N coiling aperture keel a abnormally

sin. dex. arched slit 3-44 4-5 5 5-6 6 shaped

182 p 36 36 24 (4) 4 36 - - 10
1752 m 35 34 1 33 25 31 2 2
175, p 24 24 17 (1) 1 23 -
1722 m 22 21 1 15 19 20 1 1 2
172, P 34 34 17 (3) 3 1 33 - - 4

sample no. group N d(l'm) k sk x ± am (I'm) y ± am (I'm)

182 p 36 -28 0.84 0.080 +0.818 289 ± 5.57 214 ± 4.66
+80 1.92 0.220 +0.723 70 ± 2.43
+26 0.73 0.084 +0.730 269 ± 5.73 223 ± 4.21

1752 m 35
175, P 24 +5 0.73 0.070 +0.081 330 ± 13.85 244 ± 10.07

+86 1.97 0.226 +0.827 80 ± 5.11
+15 0.82 0.074 +0.896 305 ±12.64 265 ± 10.34

1722 m 22
172, P 34 -2 0.71 0.034 +0.960 272 ± 12.53 192± 8.93

+57 2.22 0.097 +0.967 61 ± 4.02
+38 0.71 0.034 +0.960 253± 11.99 219±8.57



Table 7. Counts and measurements in stratigraphically successive samples from section 182, Faneromeni
Formation (Sikia Member), E. Crete.

sample no. group N coiling aperture keel a abnormally

sin. dex. arched slit 3-4 4 4-5 5 5-6 6 shaped

182/19 Az b 24 23 20 1 20 2 - 2
182/19 A, c 11 11 11 7 11
182/14 A P 25 25 20 (4) 1 25 - - 1
182/9 A, P 8 7 1 7 (1) - 8 - 1
182/9 Az m 35 30 5 (2) 29 18 1 3 30 - 1
182/5 A P 26 25 1 19 (5) 2 24 2 - 5
182/2 Az m 11 9 2 10 6 1 1 8 1
182/2 A, P 23 23 16 (3) 1 22 1 - 3

sample no. group N d (/Lm) k sk x ± urn (/Lm) Y ± urn (/Lm)

182/19 Az b 24 -36 0.91 0.054 +0.957 256 ± 9.44 196 ± 8.55
+32 2.10 0.166 +0.922 78 ± 4.07
+8 0.79 0.101 +0.780 235 ± 9.05 193± 7.13

182/19 A, c 11 -52 0.95 0.065 +0.974 240 ± 11.23 176 ± 10.65
+27 3.39 0.874 +0.519 44 ± 3.15
-1 0.92 0.081 +0.956 221 ± 10.55 201 ± 9.66

182/14 A P 25 +18 0.64 0.057 +0.896 270 ± 13.32 192± 8.57
+58 2.20 0.234 +0.847 61 ± 3.90
+15 0.80 0.063 +0.918 249 ± 12.53 214 ± 10.01

182/9 A, P 8
182/9 Az m 35 +21 0.42 0.028 +0.919 251 ± 10.36 127 ± 4.36

+49 1.43 0.095 +0.920 54 ± 3.06
-41 1.05 0.047 +0.965 226 ± 9.09 196 ± 9.53

182/5 A P 26 -11 0.77 0.050 +0.942 265 ± 10.84 193 ± 8.34
+69 2.19 0.298 +0.723 56 ± 3.80
+26 0.73 0.079 +0.835 240 ± 10.31 201 ± 7.53

182/2 Az m 11
182/2 A, P 23 -47 0.91 0.066 +0.937 282 ± 9.21 209 ± 8.35

+59 2.22 0.302 +0.758 67 ± 3.76
-17 0.91 0.120 +0.778 262 ± 8.79 222 ± 8.04



Table 8. Counts and measurements in stratigraphically successive samples from the Santerno no. 2
well, N. Italy.

sample depth group N coiling aperture keel a abnormall'

sin. dex. arched slit 3 3-4 4 4-5 5 5-6 shaped

Santerno 412-415 34 34 22 (4) 6 6 16 12 - 4
1197-1199 40 40 40 13 32 4 4
1325-1327 b 35 35 33 21 13 1
1437-1438 m 14 14 12 12 1 11 - 4
1586-1588 P 53 53 31 (2) 7 2 - 3 50 - 7
1661-1663, m 11 10 1 10 10 9 1 2
1661-16632 P 37 37 25 (4) - 7 36 - 1

sample depth group N d (~m) k sk X± urn (~m) y± urn (~m

Santerno 412-415 34 -20 0.84 0.048 +0.941 258 ± 7.97 195 ± 6.66
+7 2.59 0.269 +0.795 73 ± 2.57
+12 0.81 0.059 +0.904 241 ± 7.70 207 ± 6.26

1197-1199 c 40 -2 0.66 0.038 +0.930 262±9.19 153 ± 6.08
-14 5.07 0.711 +0.459 33 ± 1.20
-20 0.93 0.046 +0.950 242 ± 8.68 206 ± 8.11

1325-1327 b 35 -46 0.89 0.055 +0.923 234 ± 6.24 163 ± 5.55
+5 2.24 0.204 +0.843 70 ± 2.47
-10 0.83 0.085 +0.795 218 ± 5.92 170 ± 4.90

1437-1438 m 14
1586-1588 P 53 -35 0.87 0.060 +0.866 292 ± 8.04 220 ± 7.03

+59 2.41 0.199 +0.800 67 ± 2.91
+20 0.79 0.049 +0.892 272 ± 7.56 236 ± 6.00

1661-16632 m 11
1661-1663, P 37 -12 0.81 0.057 +0.902 250 ± 7.75 190 ± 6.29

+79 2.12 0.229 +0.753 52 ± 2.97
+15 0.82 0.063 +0.885 232 ± 7.30 205 ± 5.99



Table 9. Counts and measurements in stratigraphically successive samples from the Torrente Crostolo
section and the Santerno Imola section, N. Italy

sample no. group N coiling aperture keel a abnormally

sin. dex. arched slit 3 3-4 4 4-5 5 shaped

Santerno JT 511 42 38 4 33 (4) 2 23 16 2 2
JT513 c 38 36 2 29 19 37 1 2
JT 810 P 38 38 36 3 33 2 5

Crostolo JT 476 b 33 32 26 (1) - 2 18 13 7
JT 4752 b 23 23 20 18 4 1 1
JT 475, c 17 2 15 15 - 2 15 -

JT 474 P 35 35 33 30 4

sample no. group N d (pm) k sk X± om (pm) y±om(pm)

Santerno JT 511 42 -59 1.05 0.048 +0.956 229 ± 5.62 181 ± 5.89
+10 2.53 0.227 +0.813 67 ± 2.53
-38 1.06 0.059 +0.931 213 ± 5.25 187 ± 5.54

JT 513 c 38 -79 0.98 0.080 +0.866 290 ± 6.49 206 ± 6.37
+80 2.90 0.337 +0.698 43 ± 2.19
-40 1.05 0.058 +0.941 268 ± 5.88 242 ± 6.19

JT 810 P 38 -47 0.85 0.043 +0.951 281 ± 8.64 193± 7.36
-4 3.09 0.267 +0.846 64 ± 2.38
+1 0.84 0.052 +0.924 263 ± 8.28 221 ± 6.92

Crostolo JT 476 b 33 -38 0.88 0.065 +0.906 250 ± 6.99 181 ± 6.13
-4 2.30 0.218 +0.839 81 ± 2.67
+23 0.67 0.066 +0.826 232 ± 6.38 179 ± 4.30

JT 4752 b 23 -27 0.84 0.069 +0.921 227 ± 6.86 164 ± 5.79
-1 2.37 0.293 +0.804 70 ± 2.44
-13 0.88 0.129 +0.712 210± 6.58 172±5.82

JT 475, c 17
JT 474 P 35 +8 0.70 0.036 +0.952 260 ± 9.87 188 ± 6.87

+40 2.32 0.200 +0.860 62 ± 2.97
+9 0.80 0.059 +0.898 240 ± 9.27 201 ± 7.40



Table 10. Counts and measurements in stratigraphically successive samples from the Tabiano Bagni
section, N. Italy.

sample no. group N coiling aperture keel a Abnormally

sin. dex. arched slit 3-4 4 4-5 5 5-6 shaped

Tabiano JT 4812 m 15 15 14 11 13 2 3
Bagni JT 481, P 36 36 33 (1) 34 2 4

JT 1065 P 46 45 1 37 (4) 2 1 44 1 7
JT 1058 m 39 39 38 20 1 34 4 10

sample nO. group N d (!tm) k sk XC ± um (!tm) y ± um (!tm)

Tabiano JT 4812 m 15 -3 0.50 0.040 +0.950 281± 12.05 138 ± 6.06
Bagni +57 1.30 0.218 +0.759 63 ± 4.67

-111 1.32 0.156 +0.888 253 ± 9.89 223 ± 13.03
JT 481, p 36 +7 0.74 0.063 +0.863 282 ± 8.52 217 ± 6.33

+96 1.81 0.171 +0.825 67 ± 3.49
+29 0.74 0.072 +0.813 262 ± 7.89 222 ± 5.83

JT 1065 p 46 -15 0.80 0.051 +0.904 281 ± 6.07 210 ± 4.88
+72 2.16 0.219 +0.726 64 ± 2.26
+16 0.78 0.068 +0.807 263 ± 5.78 221 ± 4.52

JT 1058 m 39 +14 0.44 0.036 +0.864 307 ± 9.81 150 ± 4.34
+42 1.63 0.226 +0.505 66 ± 2.66
+38 0.99 0.059 +0.927 281 ± 8.71 239 ± 8.60

Table 11. Counts and measurements in one sample from Santa Maria di Catanzaro and in one sample
from Le Castella, S. Italy.

sample no. group N coiling aperture keel a Abnormally

sin. dex. arched slit 3-4 4 4-5 5 shaped

Catanzaro MC 11, c 36 36 28 28 35 - 1 12
MC 112 35 35 24 (6) 2 5 26 4 12

Le Castella JT 657 71 70 1 57 (2) 9 8 54 8 1 21

sample no. group N d (!tm) k sk XC ± um (!tm) y ± um (!tm)

Catanzaro MC 11, c 36 -34 0.83 0.657 +0.910 318 ± 9.90 230 ± 8.20
+63 3.53 0.491 +0.550 47 ± 2.32
+5 0.88 0.070 +0.879 291 ± 9.41 261 ± 8.28

MC 112 35 -5 0.78 0.054 +0.912 260 ± 6.76 198 ± 5.27
+32 2.19 0.146 +0.920 76 ± 2.41
+30 0.67 0.075 +0.749 242 ± 6.63 192 ± 4.44

Le Castella JT 657 71 -15 0.82 0.028 +0.958 287 ± 6.14 219 ± 5.01
+13 2.14 0.115 +0.892 97 ± 2.34
+22 0.72 0.043 +0.862 266 ± 5.89 213 ± 4.23
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Table 12. Counts and measurements in stratigraphically successive samples in the Partanna drillings
no. 1 and no. 18, W. Sicily, Italy.

sample no. group N coiling keel a Abnormally

sin. dex. arched slit 3-4 4 4-5 5 5-6 shaped

18/4 c 46 42 4 - (3) 40 13 40 4 2 6
18/5 33 32 1 31 (1) - 28 5
18/6 c 48 47 1 41 31 47 1 10
1/53 m 11 9 2 11 9 2 8 1 1
1/52 c 12 11 1 12 12 12 -

1/5, P 36 34 2 32 (3) - 34 1 7

sample no. group N d (/lm) k sk x ± om (/lm) Y ± om (/lm)

18/4 46 -21 0.69 0.040 +0.919 293 ± 10.07 181 ± 6.91
-18 5.63 0.698 +0.541 35 ± 1.23
-20 0.94 0.045 +0.946 272 ± 9.83 236 ± 9.25

18/5 33 -18 0.81 0.068 +0.873 222 ± 4.99 161 ± 4.02
+71 1.65 0.194 +0.737 35 ± 2.44
+10 0.78 0.080 +0.806 206 ± 5.00 170 ± 3.88

18/6 c 48 -12 0.73 0.043 +0.914 343 ± 12.06 238 ± 8.80
+46 4.52 0.566 +0.496 42 ± 1.95
+10 0.87 0.038 +0.952 316 ± 11.08 287 ± 9.69

1/53 m 11
1/52 c 12
1/5, P 36 -8 0.77 0.047 +0.930 263 ± 9.55 195 ± 7.37

+34 2.69 0.292 +0.758 60 ± 2.74
+18 0.80 0.061 +0.891 244 ± 9.12 213 ± 7.32



Table 13. Counts and measutements in stratigraphically successive samples from the Sigsbee Knoll core,
and in one (Recent) bottom sample, Gulf of Mexico.

sample no. group N coiling apertute keel a Abnormally

sin. dex. arched slit 3~4 4 4-5 5 5~6 6 shaped

400 (Recent) c 28 28 28 24 18 8 2 3
185/189 em 33 6 27 31 13 21 3 8 5
194/197 cmj 22 12 10 22 14 14 6 2 4
194/197 em, 36 36 33 (1) 1 16 15 3 10
200/203 em 32 31 1 31 15 10 12 10 - 7
266/269 em, m 39 38 1 37 35 29 8 2 1
266/269 cmj c 48 48 45 25 29 16 3 10

sample no. group N d (Mm) k sk x ± am (Mm) y±am(Mm)

400 (Recent) c 28 -116 0.90 0.096 +0.827 422 ± 14.06 265 ± 12.70
+45 5.16 0.879 +0.432 43 ± 2.46
-21 0.90 0.068 +0.916 393 ± 13.32 334 ± 12.03

185/189 em c 33 -83 0.97 0.050 +0.956 323 ± 14.01 231 ± 13.62
+60 3.04 0.302 +0.821 56 ± 4.48
-14 0.91 0.050 +0.948 300_± 13.47 260 ± 12.32

194/197 cmj 22 ~52 0.84 0.093 +0.854 353± 14.26 243 ± 11.93
+97 2.73 0.493 +0.531 53 ± 4.38
+11 0.83 0.085 +0.879 330 ± 13.70 287 ± 11.44

194/197 em, 36 -13 0.75 0.052 +0.909 248 ± 6.41 174 ± 4.82
+83 1.42 0.126 +0.846 64 ± 3.38
+13 0.76 0.073 +0.817 229 ± 5.89 186 ± 4.46

200/203 em c 32 -43 0.83 0.074 +0.864 323 ± 10.46 226 ± 8.73
+109 2.26 0.320 +0.596 52 ± 3.87
-2 0.86 0.072 +0.880 298 ± 9.86 254 ± 8.46

266/269 em, m 39 +4 0.46 0.043 +0.817 259 ± 7.50 124 ± 3.48
+33 1.46 0.183 +0.622 63 ± 2.39
-22 1.00 0.056 +0.937 233 ± 6.63 211 ± 6.63

266/269 em, c 48 -45 0.79 0.061 +0.847 290 ± 8.13 185 ± 6.44
+61 2.75 0.318 +0.597 45 ± 2.35
+21 0.80 0.033 +0.959 267 ± 8.30 235 ± 6.68




