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Mining morphological evolution in microfossils
using volume density diagrams

Michael W. Knappertsbusch and Yannick Mary

ABSTRACT

A technique is explored to visualize series of bivariate morphometric measure-
ments of microfossil shells through geological time with the help of 3D-animated vol-
ume-density distributions. Visualization tests were performed using two existing and
published sets of morphometric data, i.e., the Neogene coccolithophorid group Calcid-
iscus leptoporus-Calcidiscus macintyrei and the planktonic foraminifera plexus of Glo-
borotalia menardii. The technique converts series of downcore bivariate morphometric
shell data into a continuous frequency distribution, which can be investigated with the
help of a graphical data mining tool called Voxler from Golden Software. This tool
allowed us to compose and animate complex subsurface structures raised from mor-
phometric measurements of microfossils, and so provides an intuitive, comprehensive
insight into the structure and dynamics of complicated evolutionary patterns. With
upcoming future large morphometric data sets for oceanic microfossils, this instructive
illustration method may hopefully serve to raise more interest in studying topics like
morphological evolution, speciation and advances to achieve more universial species
concepts needed so strongly in paleontology. An important conclusion from the experi-
ments is that the structure of size frequency distribution through time shows a stronger
differentiation into separate morphotype clusters in the coccolith example than in the
case of the investigated planktonic foraminifers. The difference between the groups is
explained by the differences in ontogenetic shell growth between the alga C. leptopo-
rus and the foraminifer G. menardii. These differences have implications for morpho-
type classification and evolutionary research by means of morphometry with
coccolithophorids and foraminifers.
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INTRODUCTION

Detection of speciation in the sedimentary
record is of great importance for the development
of species concepts (Miller, 2001), for the recogni-
tion of heterochrony (Quillévéré et al., 2002), and
for practical chronostratigraphic applications, see
concepts discussed in Hottinger (1962), Kennett
and Srinivasan (1983), and MacGowran (2005).
The validation of species concepts requires heavy
statistical bi- or multivariate morphometric analy-
ses to understand the biogeography of speciation
globally and over extended geological time. Just
recently there was an urgent demand for morpho-
metric analyses for the identification of representa-
tive exemplars when foraminiferal holotypes are to
be assigned to specimens from an assemblage
during description of new species (Scott, 2011).
Among all fossil remains those of microfossils like
planktonic foraminifera or calcareous nannoplank-
ton are the most promising study objects, obviously
because of their abundance and preservation,
stratigraphical potential, significance for paleoenvi-
ronmental reconstruction and a high morphological
variability. Morphometric statistics in foraminifera
have existed for at least three quarters of a century
(Schmid, 1934), but digital imaging techniques
from the 1980s onwards have revolutionized the
area because data collection and processing
became more efficient. Examples of advanced
automated image capturing and measurement
techniques for microfossils include Hills (1988),
Young et al. (1996), Bollmann et al. (2004) and
Knappertsbusch et al. (2009). As a result numer-
ous classical studies about the biogeographic and
temporal variability of oceanic pelagic microfossils
emerged in the micropaleontological literature,
e.g., Kellog (1975), Lazarus (1986), Malmgren and
Berggren (1987), Bollmann et al. (1998), Malmgren
and Kennett (1982), Malmgren et al. (1983),
Kucera and Malmgren (1996), Norris et al. (1996)
and Schmidt et al. (2004) to name just a few. The
majority of them are based on univariate measure-
ments disregarding the multivariate nature of mor-
phological variability. Results are traditionally
illustrated as deviations from the sample means or
as univariate histogram series in two-dimensional
media. This kind of mediation makes it difficult to
communicate complicated shell-variation on a sub-
sample level, which, however, is necessary in
order to distinguish between the subtle morpholog-
ical trends of closely related taxa (see the discus-
sion in Kucera and Malmgren (1998) on this
argument). There exist many such morphometric

time-series studies including more recent literature
(Backmann and Hermelin, 1986; Young, 1990;
Giraud et al., 2006; Tremolada et al., 2008; Yama-
saki et al., 2008). If time-series were inspected on
a sub-sample level and if bi- or multivariate data
sets were applied more commonly, a more refined
morphotype classification can eventually be
obtained, which improves recognition of evolution-
ary patterns. The price for the application of
advanced statistical techniques, however, is that
communication to non-specialists becomes even-
tually challenging.

The Case of the Coccolithophorid Calcidiscus 
leptoporus and its Descendents

Such difficulties were experienced in an
extended morphological investigation about the
coccolithophorid plexus Calcidiscus leptoporus-
Calcidiscus macintyrei more than two decades ago
(Figure 1, Knappertsbusch, 1990). This complex
comprises at least three extant and several extinct
morphotypes that can be distinguished on the
basis of the coccolith morphology, namely mea-
surements of coccolith size and number of ele-
ments in the distal shield. Recognition of
biogeographic and stratigraphic morphovariants
was greatly facilitated through the construction of
contoured bivariate frequency distributions of coc-
colith diameter versus its number of elements in
the distal shield.

FIGURE 1. The marine planktonic alga Calcidiscus lep-
toporus. The circular calcite platelets (coccoliths) are
characterized by the diameter (yellow arrow) and the
number of their sinuoidally shaped elements on their
outer surface: Morphotypes within the Calcidiscus lep-
toporus-C. macintyrei plexus show moving clusters
through geological time within the morphospace of
diameter versus number of elements. Same specimen
as illustrated in Knappertsbusch (2000) and Knapperts-
busch (2001). The white scale bar at the upper border
indicates 1 micrometer.
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History of Illustration of C. leptoporus 
Measurements

The strategy of using contour diagrams for the
search of morphovariants proved to be promising,
because in Holocene sediments modal shifts of
coccoliths between samples could be interpreted
as the mixing to a various degree of "end-mem-
bers" across temperature gradients (Knapperts-
busch et al., 1997). Particularly, in the living
plankton and in Holocene surface sediment
assemblages, three extant morphotypes "Small"
(S), "Intermediate" (I) and "Large" (L) could be
identified in the above study, of which morphotypes
I and L were later discovered to represent two dif-
ferent species C. leptoporus and C. quadriperfora-
tus, respectively, on the basis of combined
evidence from coccolith morphology, life cycle
observations, distribution, ecology and molecular
genetics (Quinn et al., 2004; Saez et al., 2003;
Geisen et al., 2002), while the specific status of
morphotype S still remains unclear (Cortes, 2000;
Quinn et al., 2003, Young et al., 2003).

For the downcore study of ancient morpho-
types of C. leptoporus and closely related extinct
C. macintyrei such biological evidence is not appli-
cable, which renders the differentiation of morpho-
types more complicated, especially when
morphotypes showed morphological overlap at dis-
tant times. Such taxonomic problems could par-
tially be resolved through a careful analysis of the
frequency mode shifts from one time-level to the
next resulting in a phylogenetic tree of morpho-
types within the C. leptoporus-C. macintyrei plexus
(Knappertsbusch, 2000). But also this approach
was only partially satisfactory because it depends
on an artificial, a priori classification of morpho-
types. To circumvent a pre-defined classification
and in order to better record cladogenetic splitting
and phyletic divergence patterns, morphotypes
were no longer characterized by their modal coor-
dinates. Instead, a base-line contour was chosen
per frequency mode, which encloses the majority
of the measured specimens of a particular morpho-
type. The technique was applied downcore in a
number of selected DSDP sites, which helped to
construct an envelope of morphotype evolution of
C. leptoporus and its descendents by animations
(see figures 6 through 9 in Knappertsbusch, 2001),
which was not possible during the late 1990s. At
those early times computer graphical experiments
and spinning scatter diagrams about a coordinate
axis were created using MacSpin software, which
today no longer exists. Although educational to the
investigator, these experiments proved to be diffi-

cult to visually interprete to non-specialists and
were technically impossible to publish. Knapperts-
busch (2001) returned to that difficulty and could
for the first time demonstrate the stunning com-
plexity of morphological variability of coccoliths by
on-line publishing gif-animated stacks of base con-
tourlines of coccolith frequencies through time. 

By doing so, it was realized, that selection of
an arbitrary base contourline might also be too
selective for a general description of the full mor-
phometric data body. An alternative was found,
where local coccolith frequencies within the mor-
phospace of coccolith diameter and number of ele-
ments were interpolated between neighboring
samples along the geological time axis. This inter-
polation was done by discretizing the continuous
axes of coccolith diameter and number of elements
into classes Delta X and Delta Y, respectively, and
coccolith frequencies were counted per grid-cell
having a length of Delta X and a width of Delta Y.
Interpolation of local frequencies along the time
axis created volume elements (voxels), each of
which spanned by Delta X, Delta Y and a time
increment Delta Z. In this sense a voxel represents
the local frequency of coccoliths per volume-ele-
ment, leading to a spacial density distribution of all
measured coccoliths in the morphospace of diame-
ters, number of elements and geological age. For
visualization of the model vertical slices parallel to
the time axis were then constructed through the
model revealing a clear divergence of extra-large
coccoliths during the Late Miocene (Figure 2).

Although achieving independence from the
previous artificial morphotype classification
scheme the described method still remains difficult
to digest for non-specialists. The above progress
motivated to search for alternative data mining-
and display techniques that allow better visualiza-
tion of the internal structure of the three-dimen-
sional coccolith density distribution.

The Case of menardiform globorotalids 
(planktonic foraminifera)

A similar morphometric investigation was
more recently carried out with the Neogene plank-
tonic foraminiferal plexus of menardiform globoro-
talids (Figure 3). Again, it was attempted to
investigate evolutionary tendencies of present and
ancient members of this group by means of quanti-
tative morphometric characterization using the
Caribbean DSDP Site 502 and the eastern equato-
rial Pacific DSDP Site 503 as testing areas (Knap-
pertsbusch, 2007), and a global morphometric
survey about modern menardiform globorotalids
3
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was realized by Brown (2007). In both investiga-
tions a similar bivariate approach was followed to
recognize morphotypes as was done for C. lep-
toporus: Primary measurements consisted of the
spiral height (delta x) versus the length of the shell
in side view (delta y). These measurements were
gridded to obtain bivariate frequency distributions.
Modal trends were subsequently analysed by com-

parison of frequency plots in samples at succes-
sive stratigraphic core levels at or from different
locations in the global Holocene sample collection.

The two abovementioned studies use funda-
mentally different groups of unicellular calcareous
plankton: In the first case C. leptoporus is autotro-
phic, and numerous coccoliths were continuously
produced during the individual's heterococcolithic

FIGURE 2. Stacked vertical slices through the density distribution model for C. leptoporus-C. macintyrei of Knap-
pertsbusch (2000). The left panel shows color-coded stacks of near-baseline contours (2 specimens per grid-cell) of
the model in "front view" (i.e., parallel to PCA I in Figure 8 of Knappertsbusch, 2000). Slices are about 2 elements
apart from each other. The uppermost slice (yellow to white) corresponds to the termination of the divergeing
branch leading to morphotype D. The right panel shows color-coded stacks of near-baseline contours (2 specimens
per grid-cell) in "side-view" (i.e., parallel to PCA II), at 1.02 units apart from each other (the slices correspond to
those shown in Figure 9 of Knappertsbusch, 2000). More than a decade ago this representation was the first view of
the semi-continuous, four-dimensional hyperspace of the morphological variability in the C. leptoporus-C. mac-
intyrei plexus. Though complicated, it gives an impression of the prominent divergence of extra-large coccoliths
(morphotype D) between 12 Ma and 8 Ma.
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life-cycle phase. In the second case G. menardii is
heterotrophic, and discontinuous accretion of new
chambers is building the shell as the individual
maturates. While in C. leptoporus coccoliths can-
not be used for unraveling life-history, ontogenetic
growth is fully preserved in the foraminiferal test.
This has implications for the interpretation of modal
shifts in frequency distributions of coccolitho-
phorids versus planktonic foraminifera. In order to
also illustrate the differently structured models the
abovementioned data of G. menardii will be por-
trayed in the following section using the same
method as applied with C. leptoporus.

We were therefore seeking for methods to
quantitatively recognize, analyze and document
similarities and differences in morphological pat-
terns, assuming that evolution is driven by com-
mon, superior biological processes. In this context
an interesting graphical data mining tool called
Voxler from Golden Software (www.goldensoft-
ware.com) came to our attention. This software is
usually applied in exploration for natural resources
(for example in mapping subsurface metal concen-
trations), geophysics, oceanography, astronomy or
in clinical applications (modeling of bone-density in
x-ray computer tomography). Unfortunately, such
tools are barely exploited by paleontologists or tax-
onomists to illustrate their observations. Voxler

allows displaying rendered volume densities (vox-
els) of properties in multidimensional space, which
can be animated on the computer monitor for
visual inspection. This tool was found especially
instructive for the visualization of the C. leptoporus-
C. macintyrei and G. menardii data sets.

The present contribution is purely technically
motivated and thus reports on the advantages of
volume density analysis and illustration using the
abovementioned, earlier published C. leptoporus-
and G. menardii data sets as showcased for the
method. A taxonomic review of the presented taxa,
however, is beyond scope here, and the reader is
referred with this respect to the cited original
research.

METHODS

Basic Data Sets

In the following sections the transformation of
the primary bivariate measurements that were col-
lected for C. leptoporus and G. menardii into four-
dimensional voxels is summarized. Recall, that a
voxel represents the abundance (frequency F) of
specimens in a local volume element, which is
defined by intervals of two morphometric measure-
ments (Delta X for coccolith diameter, Delta Y for
number of elements in C. leptoporus; delta x for
spiral height, delta y for axial length in G. menardii)
and geological age (Z). For reasons of brevity the
procedures for collection of the primary morpho-
metric data are not repeated here, as they can be
read from the cited publications. The necessary
auxiliary programs to construct the data models
and all derived results are delivered as archives
that can be downloaded for further experimentation
(see Appendix).

Calcidiscus leptoporus

Primary measurements of the plexus of C.
leptoporus and C. macintyrei consisted of the
diameter of the circular coccoliths (X) versus the
number of the sinuoisal elements (Y) in their distal
shields (Figure 1). They were collected by electron
microscopy from Holocene surface sediments and
a number of Deep Sea Drilling Project cores some
extending back to 24 million years ago. Whenever
possible, it was attempted to measure 200 cocco-
liths or more per sample to obtain a reasonable
statistical basis. At that sample size morphotypes
can be expected to be found with a probability of
95%, if their true relative abundance within the sed-
iment assemblage was larger or equal to 2% (Hay,
1972; Knappertsbusch et al., 1997). The geo-

FIGURE 3. Globorotalia menardii in umbilical view. The
calcitic shells of this planktonic foraminifer show consid-
erable variation of the shell. Same specimen as illus-
trated in Knappertsbusch et al. (2009).
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graphic provenance of the samples and core loca-
tions, their numerical age determinations,
taxonomic concepts, morphometric procedures
and measurements are all extensively documented
in Knappertsbusch et al. (1997), Knappertsbusch
(2000) and Knappertsbusch (2001).

Globorotalia menardii

Also in the study of G. menardii individuals
were characterized using bivariate measurements,
i.e., the spiral height (delta x) versus the axial
length (delta y) of the shell in side view (Figure 4).

For the G. menardii study, samples were cho-
sen at selected levels between 8 Ma through the
Late Pleistocene from the two Deep Sea Drilling
Project Sites 502 (Caribbean Sea) and 503 (east-
ern Equatorial Pacific). Morphometric measure-
ments were collected by manually positioning and
orienting the specimens that were mounted in keel-
view in multi-cellular slides under a binocular
microscope. The microscope was connected to a
digital imaging system for capturing images, pro-
cessing, extraction of outline coordinates and mor-
phometric data extraction (see Knappertsbusch,
2007). The investigated number of specimens had
to be reduced here because of the limited availabil-
ity of foraminiferal shells in few samples. If possible
the number of measured specimens was between
75 to over 100 per sample. A detailed description
of the sample preparation-, image capture-, mea-
surement- and analysis protocols is given in Knap-
pertsbusch (2007) together with the numerical age
estimates of the samples.

From Scatter-data to Volume Density Surfaces

Construction of Volume Density Surfaces for
Calcidiscus leptoporus. This section explainsl
the transformation from scattered data to density
surfaces, for which the C. leptoporus data set is
used, but the same procedure was applied to G.
menardii as well. The scheme in Figure 5 summa-
rizes the sequence of software applications to
arrive at volume density diagrams developed in
this and the following sections. 

When plotting original values of X (coccolith
diameter) against Y (number of elements) one sin-
gle or several clusters appear from one sample to
the next, which, in the case of C. leptoporus, were
assigned to morphotypes (Knappertsbusch et al.,
1997, Knappertsbusch, 2000). These clusters were
identified with the help of contoured bivariate fre-
quency distributions. This identification was
achieved by first "gridding" the X,Y measurements.
The scattered data were mathematically overlain
by a mesh of rectangular grid-cells with the number
of specimens counted per grid-cell per sample
leading to bivariate frequency distributions. In C.
leptoporus each grid-cell had a length of Delta X =
50 micrometers in X- direction and a width of Delta
Y = 2 elements in Y-direction (Figure 6.1) (see also
Table 1). In practice gridding was performed with
an auxiliary program called Grid2.2 written in For-
tran (see Appendix for a listing and an executable
application). Grid2.2 allows to batch-process large
series of input files, each of them containing the
cartesian X,Y measurements per sample, i.e., one
pair of X,Y measurements per specimen. The out-
put from Grid2.2 is a 14 x 27 matrix for every sam-
ple containing the frequencies of coccoliths per
grid-cell (coccolith diameters are sorted into 14 col-

FIGURE 4. When seen in side view, globorotalid shells can be easily characterized by bivariate measurements of the
spiral height (delta x) versus the length of the shell in keel view (delta y).
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umns, and the number of elements are sorted to 27
rows). These "gridded files" were converted to con-
tour diagrams using commercial software (such as
Surface III+, Surfer, or Origin 8). Contour diagrams
are ideal for the comparison of modal shifts within
an assemblage (Figure 6.2) and has led to the
numerical classification of morphotypes described
in Knappertsbusch et al. (1997) and Knapperts-
busch (2000). For improvement of visibility of the
internal structures, the coordinate axes were
scaled to attain values between 0 and 1 (Figure
6.3). Actually, this normalization was carried out
while merging all samples together using a second
auxiliary Fortran program called Grid_to_Vox4
(applicable to C. leptoporus; see more explana-
tions about normalization in the sections further
below). Gridding and normalization was done for
every sample downcore leading to a stack of fre-
quency distributions of the coccoliths (see a sketch
of such stacked contour representations in Figure
6.4). In this manner evolutionary tendencies
become visible through connecting mode centers

or basal contour lines from one time level to the
next (see Knappertsbusch, 2001). In order to
investigate internal structures in more detail a con-
tinous data model was constructed from the series
of gridded files from all cores and the modal
dynamics through time shown as iso-surfaces of
constant coccolith frequencies. This model was
analyzed using Voxler software and by re-gridding
the global set of normalized frequency distributions
in X-, Y- and Z direction (to achieve spacial interpo-
lation of frequencies at finer resolution), thus allow-
ing the generation of series of iso-surfaces, which
shows the internal geometry of this hyperspace
defined by the morphological parameters, geologi-
cal age and coccolith frequency. An example for
the "outer skin" of this data model is illustrated in
Figure 6.5. Experimentation with Voxler has con-
firmed that the so generated iso-surfaces follow the
topology of the phylogenetic tree developed in
Knappertsbusch (2000). Figure 6.6 shows an ani-
mated overlay of this phylogenetic tree with the
rendered iso-surface of Figure 6.5.

FIGURE 5. Flow-scheme of programs for the preparation of original data to a data model, that can be imported to Vox-
ler for displaying frequency isosurfaces. Program names are written in bold and italics, input and output data are indi-
cated in plane text. 
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Construction of Volume Density Surfaces for
Globorotalia menardii. The construction of den-
sity isosurfaces of G. menardii was done in a simi-
lar manner. The expectation was that the G.
menardii plexus would also disintegrate into sev-
eral recognizable morphotype-clusters as was
experienced with C. leptoporus. However, as Fig-
ure 7 (see also Table 2) shows for shell measure-
ments from DSDP Site 502 (Caribbean Sea), the
nature of the distribution is quite different (see sec-
tions further below for a brief discussion on this
phenomenon). Similar to C. leptoporus the original

data for G. menardii consisted also of bivariate
measurements, i.e., spiral height (x) versus axial
length (y) in profile view (Figure 4). The data
shown is identical to the one presented in Knap-
pertsbusch (2007). Bivariate frequency distribu-
tions were derived from scatter using auxiliary
program Grid2.2 at grid-cell dimensions of delta x =
50 micrometers in x-direction and delta y = 100
micrometers in y-direction (Figure 7.1). These
dimensions were found upon experimentation and
on the basis of statistical rules discussed in Keat-
ing and Scott (1999), Hyndman (1995), and Jen-

FIGURE 6. Steps from contoured bivariate data to interpolated iso-surfaces in the case of C. leptoporus. 1: Scatter
plot of diameter versus elements from sample DSDP 251A-12-1, 88 cm. Grid-cells subdivide the diameter axis into
intervals of 1 micrometer length and the diameter axis into intervals of 2 elements width. 2: Contoured absolute fre-
quencies (see frequencies tabulated in Table 1 derived from scattered data shown in Figure 6.1 using the above grid-
cell size of 1 micrometer x 2 elements). Contour intervals are 3 specimens per grid-cell. 3: Normalization of the axes.
The center of each diameter interval is divided by 13.5 while the center of each element interval is divided by 53 (see
text for further explanation). 4: A stack of contoured relative frequency distributions in the space of normalized diam-
eter versus elements from three different geological times. The time axis is normalized by division of the age of each
sample by the age of the oldest sample of the entire data set (i.e., 23.08 Ma). Between Figure 6.4 and Figure 6.5
absolute frequencies per sample were transformed into relative frequencies per sample. 5: Iso-surface after connect-
ing outer contour lines of equal (relative) frequency throughout the complete set of C. leptoporus data. The illustrated
iso-surface shows the evolution of rare coccoliths in the bivariate space of diameter versus number of elements.
Increased frequencies of coccoliths are located inside the iso-surface. 6: Animated clips of the relative frequency iso-
surface of C. leptoporus captured at changing stratigraphic levels (iso-surface values set to 1.52). The phylogenetic
tree and positions of C. leptoporus-C. macintyrei morphotypes A, B, C, D, E, E', I, L and S (red letters) were taken
from Knappertsbusch (2000) and projected into the animated iso-surface. Based on genetic evidence the extant mor-
photypes I and L are considered now as separate species Calcidiscus leptoporus and Calcidiscus quadriperforatus,
respectively (Quinn et al., 2004), while the specific status of extant morphotype S is pending on documentation of its
holococcolith bearing life-cycle phase (Quinn et al., 2003; Young et al., 2003).
PE note: for all animations and flat presentations of animations please see website.
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kinson and Smith (2000). And, similar to C.
leptoporus, contour diagrams were constructed for
each sample (Figure 7.2) and axes normalized
(Figure 7.3) while combining all gridded files into
one data model with auxiliary Fortran program
called Grid_to_Vox3 (version applicable for G.
menardii, see Appendix). The sketch in Figure 7.4
shows a contour stack from normalized distribu-
tions at three subsequent stratigraphic levels.
Again, the numerical stack was fed to Voxler, re-
gridded, and then local frequencies of menardiform
specimens were visualized using the iso-surfaces
tool in Voxler. Figures 7.5 and 7.6 show the rapid

expansion of the G. menardii hyperspace during
the last quarter of the time, which coincides with
the gradual closure of the Isthmus of Panama.

Preparation for Input to Voxler: Composing
Bivariate Frequency Distributions. As can be
seen from Figures 6 and 7 Voxler allows displaying
multidimensional datasets in three-dimentional
form of rendered animated iso-surfaces on a com-
puter monitor. This tool is extremely helpful for min-
ing of subsurface data structures like evolutionary
patterns. The input into Voxler is numerical data
that can be prepared in spreadsheet format. In the

TABLE 1. Output Grid_to_Vox4 applied on sample DSDP 251A-12-1, 88cm for C. leptoporus. Values are coccolith fre-
quencies per grid-cell. Dameter classes of 1 micrometer (from 0 through 14) are arranged horizontally, classes of two
elements (from 0 through 54) are arranged vertically.
DSDP 251A-12-1, 88cm
6 t :XY->XYZ Gridded Data - Contour Plot V.1.0 
 27  2  14  1  .5  1  

0-1 
m

1-2 
m

2-3 
m

3-4 
m

4-5 
m

5-6 
m

6-7 
m

7-8 
m

8-9 
m

9-10 
m

10-11 
m

11-12 
m

12-13 
m

13-14 
m

0-2 Elements 0 0 0 0 0 0 0 0 0 0 0 0 0 0

2-4 Elements 0 0 0 0 0 0 0 0 0 0 0 0 0 0

4-6 Elements 0 0 0 0 0 0 0 0 0 0 0 0 0 0

6-8 Elements 0 0 0 0 0 0 0 0 0 0 0 0 0 0

8-10 Elements 0 0 0 0 0 0 0 0 0 0 0 0 0 0

10-12 Elements 0 0 0 0 0 0 0 0 0 0 0 0 0 0

12-14 Elements 0 0 0 0 0 0 0 0 0 0 0 0 0 0

14-16 Elements 0 0 0 0 0 0 0 0 0 0 0 0 0 0

16-18 Elements 0 0 0 0 0 3 0 0 0 0 0 0 0 0

18-20 Elements 0 0 0 0 2 3 0 0 0 0 0 0 0 0

20-22 Elements 0 0 0 0 2 1 2 2 0 0 0 0 0 0

22-24 Elements 0 0 0 0 1 2 3 2 3 0 0 0 0 0

24-26 Elements 0 0 0 0 0 1 4 4 12 3 2 0 0 0

26-28 Elements 0 0 0 0 0 0 6 11 8 6 5 0 0 1

28-30 Elements 0 0 0 0 0 0 3 12 6 3 11 2 1 0

30-32 Elements 0 0 0 0 0 1 3 8 4 3 5 2 0 0

32-34 Elements 0 0 0 0 0 0 3 2 2 1 0 0 1 0

34-36 Elements 0 0 0 0 0 0 0 0 0 1 1 0 0 0

36-38 Elements 0 0 0 0 0 0 0 0 0 0 0 0 0 0

38-40 Elements 0 0 0 0 0 0 0 1 0 0 0 1 0 0

40-42 Elements 0 0 0 0 0 0 0 0 0 0 0 1 0 0

42-44 Elements 0 0 0 0 0 0 0 1 0 0 2 4 2 0

44-46 Elements 0 0 0 0 0 0 0 0 0 0 4 1 0 0

46-48 Elements 0 0 0 0 0 0 0 0 0 0 1 7 0 0

48-50 Elements 0 0 0 0 0 0 0 0 0 0 0 0 4 2

50-52 Elements 0 0 0 0 0 0 0 0 0 0 0 0 3 2

52-54 Elements 0 0 0 0 0 0 0 0 0 0 0 0 0 1
9
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present contribution the two auxiliary Fortran pro-
grams Grid_to_Vox3 (for G. menardii) and and
Grid_to_Vox4 (for C. leptoporus) composed the
data model from gridded files (see Figure 5) and
formatted them into four columns, i.e., Delta X,
Delta Y, Z, and F: Delta X (the bin-width of the fre-
quency distribution in X-direction), Delta Y (the bin-
width of the frequency distribution in y-direction)
are arranged in ascending order. The value Z rep-
resents the age of the sample in million years and
is sorted from young to old. In the last column, F is
listed, which is the local frequency of specimens in
a sample per grid-cell. A complete four-dimen-

sional data model of Delta X, Delta Y, Z and F is
composed from downcore series of gridded sam-
ples for G. menardii or C. leptoporus. Numerical
ages for each sample were fed to the Grid_to_Vox
programs via an external input file called list_of_-
file, which contains the names of all gridded sam-
ple files and their associated absolute ages.
Gridded frequencies of specimens per sample
were obtained using program Grid2.2 described in
the previous section. Listings and executable appli-
cations for Grid_to_Vox3 and Grid_to_Vox4 on PC
are also provided in the appendix.

FIGURE 7. Steps from contoured bivariate data to interpolated iso-surfaces for G. menardii. 1: Scatter plot of spiral
height versus axial width measurements (161 specimens) from sample DSDP 502A-1H-1, 15-20cm, which corre-
sponds to the first sample in Figure 7 of Knappertsbusch (2007). 2: Contoured frequency plot of the data shown in
Figure 7.1. delta X = 50 micrometers in X-direction and delta Y = 100 micrometers in Y-direction (see highlighted grid-
cell in the lower left corner of Figure 7.1. Contour intervals are 2 specimens per grid-cell. Frequencies for this exam-
ple are tabulated in Table 2. 3: Normalization of axes to unit values between 0 and 1. For this transformation the x-
component (i.e., in direction of spiral height) of frequencies within each grid-cell was divided by 675 and by 1550
along the y-component (i.e., in direction of axial length). 4: A stack of contoured frequency diagrams from three differ-
ent geological times. Notice that the time axis has been normalized to values between 0 and -1 by division of the age
of each sample by the oldest sample age (8 Ma) of the data set described in Knappertsbusch (2007). Also, the abso-
lute frequencies shown in Figure 7.2-3 were transformed into relative frequencies in Figure 7.4 for inter-sample com-
parison. 5: Iso-surface after connecting outer contour lines of equal relative frequency (isovalue of 1.28) throughout
the complete set of G. menardii at DSDP Site 502A (Caribbean Sea). Frequent specimens are distributed inside the
illustrated iso-surface, rare specimens are distributed towards the outer skin of the data body.. 6: Animated clips of
the relative frequency iso-surface of G. menardii at changing stratigraphic levels (iso-surface values set to 1.28) of
DSDP Site 502A.
10
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A Comment about Normalization. A direct plot of
the untreated data model would not produce any
interpretable visualization of internal structures
because of the different units involved. This is the
reason why Delta X-, Delta Y-, Z-, and F values
needed to be normalized. This procedure is per-
formed within the two auxiliary programs
Grid_to_Vox3 (for G. menardii) and Grid_to_Vox4
(for C. leptoporus). In these programs morphomet-
ric axes (X,Y) were normalized so that they attain
values between 0 and 1: In the case of C. leptopo-
rus the original axes of diameter (X) and the num-
ber of elements (Y) range from 0 through 14
micrometers and from 0 through 54 elements,
respectively (see Figure 6.1). Because the length
Delta X of the grid-cell was chosen at 1 microme-
ter, the center of the first grid-cell has an X-coordi-
nate of 0.5 micrometer and the last grid-cell has an
X-coordinate of 13.5 micrometers. Similarly, the

centers of the lowest and uppermost grid-cells
along the axis of number of elements have Y-coor-
dinates at 1 element and 53 elements, respectively
(Delta Y being 2). For this reason, X-values of the
X, Y, Z and F-quadruple were divided by 13.5, and
Y-values were divided by 53. This rescaling leads
to ranges between 0 and 1 along both axes (see
Figure 6.3). The Z values (time axis) were divided
by -23.08, which is the age of oldest sample of the
C. leptoporus sample set. This procedure yields
scaled age ranges between 0 (present) and -1
(corresponding to an age of 23.08 Ma). Also the
frequency F was subjected to normalization when
gridded data were reformatted for Voxler input with
the two versions of the Grid_to_Vox programs: F
can be chosen to be in absolute or relative (in per-
centages) frequencies. Absolute frequencies are
applicable if the number of specimens per sample
remains constant throughout the entire data set.

TABLE 2. Output Grid_to_Vox3 applied on sample 0_000_Ma_grd. Values are G. menardii shell frequencies per grid-
cell. Diameter classes of 50 micrometer (from 0 through 700) are arranged horizontally, classes of 100 micrometers
(from 0 through 1600) are arranged vertically.
0.00_Ma_gridded
DeltaX, DeltaY, Number of X-intervals, Number Y-intervals:

50, 100, 14, 16

 0-50 
µm

 50-
100  
µm

 100-
150  
µm

 150-
200  
µm

 200-
250  
µm

 250-
300  
µm

 300-
350  
µm

 350-
400  
µm

 400-
450  
µm

 450-
500  
µm

 500-
550  
µm

 550-
600  
µm

 600-
650  
µm

 650-
700  
µm

 0-100  µm 0 0 0 0 0 0 0 0 0 0 0 0 0 0

 100-200  µm 0 2 1 0 0 0 0 0 0 0 0 0 0 0

 200-300  µm 0 0 8 0 0 0 0 0 0 0 0 0 0 0

 300-400  µm 0 0 7 3 0 0 0 0 0 0 0 0 0 0

 400-500  µm 0 0 1 15 2 0 0 0 0 0 0 0 0 0

 500-600  µm 0 0 0 3 7 1 0 0 0 0 0 0 0 0

 600-700  µm 0 0 0 0 4 3 0 0 0 0 0 0 0 0

 700-800  µm 0 0 0 0 1 12 3 0 0 0 0 0 0 0

 800-900  µm 0 0 0 0 1 12 13 1 0 0 0 0 0 0

 900-1000  
µm

0 0 0 0 0 5 11 2 0 0 0 0 0 0

 1000-1100  
µm

0 0 0 0 0 1 10 6 0 0 0 0 0 0

 1100-1200  
µm

0 0 0 0 0 0 8 6 1 0 0 0 0 0

 1200-1300  
µm

0 0 0 0 0 0 2 3 0 0 0 0 0 0

 1300-1400  
µm

0 0 0 0 0 0 0 2 2 0 0 0 0 0

 1400-1500  
µm

0 0 0 0 0 0 0 1 0 1 0 0 0 0

 1500-1600  
µm

0 0 0 0 0 0 0 0 0 0 0 0 0 0
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Otherwise, relative frequencies can be determined
in order to maintain trans-sample comparability. In
the examples presented here relative frequencies
were calculated by division of the absolute fre-
quencies per grid-cell per sample by the total num-
ber of specimens in that sample.

In G. menardii the normalization occurred
analogously by division of values along the x- and
y-axes through 675 micrometers and 1550 microm-
eters, respectively, again leading to ranges from 0
to 1 for both axes. Ages were divided by -8 my,
because this is the oldest age of G. menardii
described in Knappertsbusch (2007). In the visual-
izations for G. menardii the normalized ages thus
range from -1 (corresponding to an age of 8 Ma) to
0 (Recent). Normalization of frequencies was real-
ized in the same way as was done with C. leptopo-
rus. The applied normalization is simple; more
sophisticated methods of trans-sample normaliza-
tion is feasible, for example through the construc-
tion of pareto density estimates, a technique
developed by mathematicians for mining and visu-
alization of density structures in higher dimensional
data (Ultsch, 2003; Shoval et al. 2012), but this is
beyond the scope of the present contribution.

Input to Voxler and Graphical Data Display.
Once the data are gridded, composed, normalized
and re-arranged to four columns in the above
described way, they can be imported into Voxler. A
single record line of Delta X, Delta Y, Z and F rep-
resents now a volume density value (Voxel), i.e.,
the frequency F (absolute or relative) of specimens
in a volume spanned by units of Delta X and Delta
Y, and the associated age. Note, that at this stage

an "interval" of time from a particular sample rep-
resents still a time-plane, i.e., it has no real depth
along the time axis. Using the "gridding" command
in Voxler, frequencies are interpolated from sample
to sample and in direction of the X- and Y-axes,
which results in discrete volume densities. Using
the graphical modules in Voxler three-dimensional
iso-surfaces of equal frequencies of specimens
through time or in sections with any plane are cre-
ated. This method allows the exploration of the
morphospace of a species' shell variability in an
unprecedented manner: Parts of the data model,
that in a two-dimensional representation would
overlap suddenly appear as separate, branching
density cloud when observing under various angles
of view. Figure 8 illustrates such a speciation event
for the plexus of C. leptoporus-C. macintyrei using
a rotating isosurface captured at an arbitrarily cho-
sen isovalue of 1.52, which was composed from
measurements from all DSDP and ODP sites
described in Knappertsbusch (2000) and Knap-
pertsbusch (2001). Note the distinctive separation
into an extinct branch ending in large morphotypes
D and A (C. macintyrei) while the extant branch (C.
leptoporus) ends in the morphotypes S, I and L.
The prominent restriction in the middle of the iso-
surface corresponds to the disappearance of extra-
large Miocene morphotype D. The stratigraphically
important extinction level of C. macintyrei appears
as a small separate cloud in the upper part of the
diagram.

Figure 9 shows a similar example for a spin-
ning animation of the normalized, interpolated fre-
quency isosurface for G. menardii from DSDP Site

FIGURE 8. Spinning video animations of normalized density diagrams for a constant iso-value of 1.52 for C. lep-
toporus. All axes are normalized and represent diameter (red), number of elements (green) and time (blue). 1
shows a solid iso-surface representation. Please notice the prominent and time-transgressive restriction of the den-
sity-surface (at about the level of the horizontal plane), which divides the model into a lower and an upper "valve." 2
shows the same iso-surface as in Figure 8.1 but in wireframe representation for a better visibility of the inserted
phylogenetic tree. 3 illustrates the same data as shown in Figure 8.1, but as a wireframe diagram and spinning
about a horizontal axis in order to show the iso-surface structure. 
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502 (Caribbean Sea). In this case, the morpho-
space is spanned by the axes of spiral height and
axial length, and the time extends over the past 8
million years. Morphometric measurements for this
model were taken from Knappertsbusch (2007).

PLAYING WITH THE DENSITY SURFACES

Involved Density Surfaces

The Voxler software allows graphical compari-
son of involved isosurfaces that come from differ-
ent locations, which is illustrated for G. menardii in
Figures 10.1-3 from DSDP Site 502 (Caribbean
Sea) and DSDP Site 503 (eastern equatorial
Pacific).

Pulsating Volume Density Surfaces

Iso-surfaces with a high iso-value enclose
voxels with abundant specimens and so represent
the most typical morphology of the assemblage. In
contrast, low-level iso-surfaces enclose morpholo-

gies that occur rarely in the distribution, and they
represent the morphological extremes of the inves-
tigated group through time. The analysis of inter-
mediate, internal density structures is interesting if
one is out to investigate patterns of morphological
divergence through time. Figure 11 shows fre-
quency iso-surfaces for C. leptoporus at four
decreasing iso-values: At an iso-value of 0.5 (low
frequency) a single surface envelopes the all coc-
coliths of C. leptoporus and C. macintyrei. As iso-
values increase, the single surface disintegrates
into an ancestral root and descendent separate
clouds, which coincide with branches of the previ-
ously developed phylogenetic tree. Figure 12.1-2
shows such animated frequency iso-surfaces of C.
leptoporus under different aspects of view.

Similar pulsating iso-surfaces were created to
illustrate the internal frequency trends through time
for G. menardii during the past 8 million years: Fig-
ure 13.1-4 shows changing density surfaces at four
increasing isovalues at DSDP Site 502 (Caribbean

FIGURE 9.1-9.2 Spinning video animations of normalized density surface for G. menardii at Caribbean DSDP Site
502. All axes are normalized and represent spiral height (red), axial length (green) and time (blue). Figure 9.1 shows
a rotation cycle in counter-clockwise direction about a vertical spin-axis. A constant isovalue of 1.28 was selected to
illustrate a low-frequency envelope of morphological trends through time in the spiral height versus axial length mor-
phospace. Figure 9.2 shows the same iso-surface as in Figure 9.1 but rotating about a horizontal axis in direction
towards the observer.

FIGURE 10.1-10.3. Iso-surfaces (isovalue=1.28) for G. menardii at the Caribbean DSDP Site 502 (Figure 10.1, which
is the same model as shown in Figure 9) and DSDP Site 503 (Eastern Equatorial Pacific, Figure 10.2). Figure 10.3
shows involved iso-surfaces for both sites. 
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Sea). The animation in Figure 14 demonstrates the
remarkably stable ancestral portion of comparably
small G. menardii until about 1.8 Ma (correspond-
ing to a value of 0.23 on the normalized time axis).
Thereafter, G. menardii started to strongly increase
in size (compare also with Knappertsbusch, 2007,
figure 10).

LIMITATIONS

The present study exploits morphometric data
about C. leptoporus and G. menardii and evaluates
volume density plots to explain patterns of evolu-
tion to a wider audience. A requirement for the con-
struction of volume density plots is the availability
of constant and statistically sufficiently high num-
bers of specimens at regularly spaced time inter-
vals throughout the investigated timespan. In this
context "constant" means that specimen numbers
should ideally not vary from sample to sample in
order to maintain distributions comparable from
one time level to the next. On the requirement of
"statistically sufficient" specimen numbers in quan-
titative analyses there is debate among authors:
While Buzas (1979) recommended a minimum of
300 specimens per sample, Fatela and Taborda

(2002) concluded that treatment of only 100 speci-
mens provides satisfactory statistical reliability in a
large number of paleoceanographic studies. Con-
sulting the nomogram published in Hay (1972),
which relies on a unimodal binomial distribution
model, 300 specimens are allowed to detect mor-
photypes that occur at 1% in the assemblage with
a probability of 95%. In case of multimodal distribu-
tions, different models need to be applied but fol-
lowing exemplified cases given in the recent
literature sample sizes did not exceed 100 speci-
mens per sample neither (Heslop et al., 2011).
Often, the researcher is faced with uneven sam-
pling, i.e., most of the available samples provided
enough specimens while there are few samples,
where this requirement is not met at a satisfactory
level. A particular difficulty is that the presence of
several morphotypes per sample calls for propor-
tionally increasing numbers of specimens to be
investigated, which increases the labour to be
done in the course of a running project. Uneven
sampling can, however, (partially) be overcome by
normalization or rarefaction, or through "split-
weighting," as was applied in Knappertsbusch
(2007). The generation of frequency distributions

FIGURE 11.1-11.4. Frequency iso-surfaces for C. leptoporus coccoliths captured at increasing isovalues of 0.50 (Fig-

ure 11.1), 1.52 (Figure 11.2; same value as in Figure 8), 2.50 (Figure 11.3) and 4.00 (Figure 11.4). Axes are the same
as in Figure 8.
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relies on a reasonable choice of bin-widths, which
itself influences the required minimum sample size,
and which in our case was estimated following the
formulae given in Keating and Scott (1999); Hynd-
man (1995) and Jenkinson and Smith (2000) and

upon own experimentation. In summary, entering a
compromise between Buzas (1979) and Fatela and
Taborda (2002), sample sizes of 200 specimens in
our C. leptoporus experiment and between 75 and
100 specimens per sample in our G. menardii case

FIGURE 12.1-12.2. Pulsating diagrams of C. leptoporus in side view showing maximum coccolith variability (Figure
12.1) and in front view (Figure 12.2), where coccolith variability appears minimal. Axes are the same as in Figure 8.
The projected phylogenetic dendrogram is the same as illustrated and discussed in Knappertsbusch (2000) and
Knappertsbusch (2001). Numbers in the lower right corner of each animation indicate iso-value steps of 0.5.

FIGURE 13.1-12.4. Iso-surfaces for frequencies of G. menardii at DSDP Site 502 taken at isovalues (normalized
specimen densities) of 1.28, 4.90, 7.00 and 9.15, respectively. Axis names are the same as in Figure 9. The iso-sur-
face for the value of 1.28 is also shown in the spinning diagrams in Figure 9.1 and 9.2.
15



KNAPPERTSBUSCH AND MARY: VOLUME DENSITY DIAGRAMS
were considered a reasonable balance between
efficiency of the study and the accuracy of the
results.

CONCLUSIONS

Educational Potential of Volume Density 
Diagrams

While in two-dimensional media the true com-
plexity of morphological patterns through time
remains often obscured modern graphical tech-
niques like volume density surface plots are capa-
ble to document evolutionary trends more
intuitively than any sophisticated statistical pack-
age. Visualization difficulties with complex data
recur commonly in natural science disciplines like
medicine or astronomy and are currently a hot
topic in software development labs (Reed, 2011;
Service, 2011; Rowe and Frank, 2011). There is an
extended scientific literature on data visualization

methods (refer for example to the annotated bibli-
ography of the Computer Vision Informatics Pages
under www.visionbib.com/bibliography/ste-
reo431.html), however, the cited sources  often
require profound background knowledge in mathe-
matics and/or informatics to be immediately appli-
cable to micropaleontological problems. On the
other hand, traditional methods, such as displaying
stacks of scattered data or plots of sample means
published in most of the micropaleontological liter-
ature do not sufficiently provide the true nature of
the sometimes surprisingly complex phylogenetic
pattern. The illustrated experiments with Voxler
using C. leptoporus-C. macintyrei data is in our
opinion an impressive example for the outstanding
educational potential of volume density analysis in
morphometry and evolutionary research. It can
thus be expected that three-dimentional analysis
and visualization opens a new frontier in
(micro)paleontology, not only for surface recon-

FIGURE 14. Animated sequence of frequency iso-surfaces for G. menardii at DSDP Site 502. Axis names are the
same as in Figure 9. Numbers in the lower right corner of the animation indicate iso-values at intervals of 1.28.
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structions of objects but also for extended data
sets from downcore measurements.

Downcore frequency-mining through size
classes clearly shows advantages. There is no bet-
ter means to visualize evolutionary change within
subsets of fossil populations that simultaneously
include in their phylogenies components of stasis,
directional change, increase of variance or diver-
gence. Especially in C. leptoporus, where morpho-
types can relatively easily be recognized by modal
analysis morphological divergence on sub-generic
level is evident. Evolutionary novelty is recogniz-
able in the expansion of the low frequency portion
of the morphological spectrum, where extreme but
rare forms have developed. For speciation analy-
sis, it is useful to observe this low frequency tail of
the distribution along the stratigraphic column.
Similar experiences were made by Schmidt et al.
(2004) for foraminiferal assemblages, and most
recently by Herrmann (2010) for calcareous nanno-
plankton assemblages on supra-generic level. But
also the high frequency portion is interesting to pur-
sue. In this fraction ancestral clusters tend to con-
nect to the more recent ones portraying the basic
nature (directional change or stasis) of phyloge-
netic relationships from continuous data. Under
this aspect the presented visualization method
helps to better extract phylogenetic trends from
ancestral assemblages throughout the remnant
survivors within a mélange of morphotypes under
changing environments without the necessity of
artificial morphotype classification schemes prior to
analysis. Only through the comparison of iso-sur-
faces at varying densities these results came to the
surface.

Implications for Evolutionary Studies and 
Taxonomy

The illustrated examples have implications for
future morphometric investigations of evolution.
The geometry of the volume density pattern of the
coccolithophorid plexus C. leptoporus-C. mac-
intyrei differs from the one in the foraminiferal
group G. menardii. In the coccolith example, mor-
photypes tend to pop up as isolated clusters, with
phylogenetic connections via the low frequency
portion. In contrast, the foraminiferal example
shows, that rather continuity across all density lev-
els is the rule, and cluster formation is subordinate.
Such continuity in planktonic foraminiferal fre-
quency distributions is explained by the pro-
nounced allometric shell growth during
foraminiferal ontogeny, which is not seen in cocco-
lithophorids. In the opinion of the authors the size-

range of heterococcoliths surrounding a cell is
rather pre-determined by the genetic makeup of
species as was confirmed by life-cycle observa-
tions and molecular genetics for extant C. leptopo-
rus (Quinn et al., 2004; Geisen et al., 2004; Sáez
et al., 2003), although there are also physiological
and nutritional influences on the dimension of the
surrounding coccoliths (Henderiks and Renaud,
2004). The consequence of these differences on
generic level is that with foraminifera more care
must be taken during the analysis with respect to
size effects in the ancient population than with cal-
careous nannoplankton.

The new visualization of the C. leptoporus
model illustrates how quite similar coccolith mor-
phologies appear repeatedly at distant geological
times - their distinction in one and the same sam-
ple, however, remains impossible. The occurrence
of clades also has implications for taxonomy
because clades always indicate previous specia-
tion. The succession of similar morphoclade
expansions separated by extended time intervals
makes repetitive evolution likely. The prominent
time-transgressive restriction seen in the iso-sur-
face at an isovalue of 1.52 of the C. leptoporus
model at the end of the Miocene may serve as an
example for this interpretation.
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APPENDIX

PE Note: all appendix files are available in appendix.zip on the website.

Program listings

Download archive with Fortran listings and executable applications for PC: LIST-
INGS.zip. (Expand by double-clicking on the archive icon und then by using the extract
command in WinZip 11.1).

Fortran programming originally performed using Fortran 77 from Absoft for Macin-
tosh computers (MPW), and then translated to the Windows environment using the
free distribution software Force 2.0 fortran compiler and editor developed by Luiz
Lepsch Guedes, which is available from the URL force.lepsch.com.

Subdirectory [Grid2]:
Subdirectory [Example]:
Tutorial for Gridd_winversion2.exe
Application Gridd_winversion2.exe for PC's.

"List_of_files.txt": Contains the names of input 
files with bivariate X,Y measurements.

"Inputxxxxxxxxxx1.txt" and "Inputxxxxxxxxxx2.txt" are two examples with bivariate
X,Y measurements for C. leptoporus.

Subdirectory [Force_listing]:
Gridd_winversion2 (Force 2.0 source file)
Listing_Gridd_winversion2.txt (text file).

Subdirectory [Grid_toVox3/Gmenardi]:
Subdirectory [Example]:
Application Grid_to_Vox3_win.exe for PC's.
Tutorial for Grid_to_Vox3_win.exe.

"List_of_files.txt": Containins the ages and 
names of input files with gridded matrices.

"input1xxxxxxxxxx_grd" and "input2xxxxxxxxxx_grd" are two examples with fre-
quency matrices.

Subdirectory [Force_listing]:
Grid_to_Vox3_win (Force 2.0 source file)
Listing_Grid_to_Vox3_win.txt.

Subdirectory [Grid_toVox4/Cleptoporus]:
Subdirectory [Example ME69-196]:
Application Grid_to_Vox4_win.exe for PC's.
Tutorial for Grid_to_Vox4_win.exe.

"List_of_files.txt": Containins the ages and 
names of input files with gridded matrices.

The files
"002-003cmxxxxxxx_grd"
"033-034cmxxxxxxx_grd"
"246-247cmxxxxxxx_grd"
"285-287cmxxxxxxx_grd"
"471-472cmxxxxxxx_grd"
21

APPENDIX/LISTINGS.zip
http://force.lepsch.com/
APPENDIX/LISTINGS/Grid2/Example/How_use_Grid2.htm
APPENDIX/LISTINGS/Grid2/Force_listing/Listing_Gridd_winversion2.txt
APPENDIX/LISTINGS/Grid_to_Vox3/Gmenardii/Example/How_use_Grid_to_Vox3_win.htm
APPENDIX/LISTINGS/Grid_to_Vox3/Gmenardii/Force_Listing/Listing_Grid_to_Vox3_win.txt
APPENDIX/LISTINGS/Grid_to_Vox4/Cleptoporus/Example ME69-196/How_use_Grid_to_Vox4_win.htm


KNAPPERTSBUSCH AND MARY: VOLUME DENSITY DIAGRAMS
are examples with frequency matrices for C. leptoporus.

Subdirectory [Force_listing]:

Grid_to_Vox4_win (Force 2.0 source file)
Listing_Grid_to_Vox4_win.txt.

More detailed explanations Grid_to_Vox applications

Data sets

Download archive DATA.zip
(Expand by double-clicking on the archive icon und then by using the extract com-

mand in WinZip 11.1).

Explanations for the C. leptoporus data-set, in 
subdirectory [CLEPTOP]:

Subdirectory [MEASURES/DIAM_EL] contains the original bivariate measure-
ments of coccolith diameter (in m) versus the number of elements, separated by a
comma. Each file represents a sample. The data are sorted into core locations. Holo-
cene surface sediment samples are sorted into folder [HOLOCENE]. For the prove-
nance of Holocene materials refer to Knappertsbusch et al. (1997), for the
provenances and ages of the remaining material refer to Knappertsbusch (2000).
Open files with MS Word to watch the formatting.

Subdirectory [GRIDDED] contains absolute frequencies (number of coccoliths per
grid-cell) per sample per core using a grid-cell size of 1m in length and 2 elements in
width. The gridded data for C. leptoporus were calculated using program Grid2 from
the binary measurements of diameter versus number of elements in the distal shield in
each sample and are from Knappertsbusch (2000). Open files with MS Word to watch
the formatting.

Subdirectory [INP_VOX] contains the coccolith frequency data (ALL_XYZFsn)
arranged by core after application of the Grid_toVox4 program was performed. File
ALL_XYZFsn can be directly imported to Voxler. X denotes the diameter in m, Y the
number of elements in the distal shield, and Z indicates the coccolith frequency per
grid-cell. During running of Program Grid_to_Vox4, the options "with scaling of axes
and with normalization of Frequency (option 1)" and "output to one single file (option
1)" were applied. The common age to all cores (ZMAX) was 23.08 Ma.

The lowercase letter "s" of the filename ALL_XYZFsn indicates, that all axes were
standardized to units between 0 and 1, whereas the lowercase letter "n" indicates, that
the coccolith frequencies were normalized by conversion from absolute to relative fre-
quencies. Open files with MS Word to watch the formatting.

The MS Word file "statistics" in folder [AGES] reproduces a survey of samples,
numerical ages, and statistical data for all C. leptoporus data, as they were published
in Knappertsbusch (2000) and used in the present study for construction of volume
density plots.
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Explanations for the G. menardii data-set, in 
subdirectory [GMENAR]:

Subdirectory [MEASURES] contains the split-weighted morphometric measure-
ments of G. menardii from DSDP Sites 502A and 503A, arranged per sample (see
Knappertsbusch, 2007). In "composed_files" all measurements are merged together
into one single file. The format of the header line of "composed_files" applies also to
the individual sample files. For collecting bivariate measurements of spiral height ver-
sus axial length cited in the paper, the respective columns (X,Y) must be extracted
before they can be fed to the gridding program. Open files with MS Word or MS Excel
to watch the formatting.

Subdirectory [GRIDDED] contains absolute frequencies (number specimens per
grid-cell) per sample for the DSDP Sites 502 and 503. Also for these data program
Grid2 was applied to bivariate measurements of X (spiral height, in m) versus Y (axial
length, in m) using a grid-cell size of 100 m in length and 50 m in width as was dis-
cussed in Knappertsbusch (2007). The subdirectory [XY data] provides the bivariate
measurements of X versus Y for each sample; the filenames encode for the absolute
age (in million years), the ages were taken from the study of Knappertsbusch (2007).
Open files with MS Word or MS Excel to watch the formatting.

Subdirectory [INP_VOX] contains the files "ALL_XYZFsn_ZMAX=8Ma", that were
obtained with

Grid_to_Vox3 on the respective lists of gridded data files from DSDP Sites 502
and 503.

Open files with MS Word or MS Excel to watch the formatting.

Parameters for Gridding in Grid2.2:
Data range: 0-700µm, 0-1600µm,
Grid-cell size: DeltaX = 50µm, DeltaY = 100µm.

The files ALL_XYZFsn_ZMAX=8Ma (same name for DSDP Sites 502 and 503)
can directly be imported to the spreadsheet from Voxler.

Parameters set in Program Grid_to_Vox3:
Option "with scaling of axes and with normalization of Frequency" (Option 1)
Option "output to one single file (option 1)"
In file "ALL_XYZFsn_ZMAX=8Ma" the axes were standardized to units ranging

from 0 to 1 (indicated by the lowercase letter "s" in the filename) and frequencies F of
specimens per grid-cell are normalized to relative values ranging from 0 to 100% (indi-
cated by the lowercase letter "n" in the filename) in order to maintain inter-sample com-
parison.

The common age to all cores (ZMAX) was set to 8.0 Ma.

Tutorial – Program Grid_to_Vox

Given are bivariate (X,Y) scatter data from a series of samples at different geolog-
ical ages. Using program Grid2.2.out discrete bivariate frequency distributions Delta X,
Delta Y,Z,F are generated, with Delta X and Delta Y being the grid-cell sizes of the X-
and Y coordinate axes, respectively, with Z being the geological age of a particular
sample, and with F being the bivariate frequency of points per grid-cell (see, for exam-
ple, Knappertsbusch, 2000). The program Grid_to_Vox3 is reserved for handling the G.
menardii data set, while Grid_to_Vox4 is reserved for the C. leptoporus data set (this
separation into two programs was done in order to keep computer programs as simple
as possible).
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Input to Grid_to_Vox:

Both Grid_to_Vox versions work in batch operating mode, so that a large number
of gridded input files can be processed one after the other. Two types of input files are
required: First, one text file called List_of_files, which contains a list of the age (in Ma)
of the sample and the corresponding name of the file with the gridded data matrix per
sample. The gridded data matrix contains the frequency distribution of the bivariate set
of measurements. The age must be written in digits of five characters, followed by a
comma, followed by the name of the gridded input matrix. The name of the gidded
input data is 16 characters long. The second type of input files are the files with the
gridded data matrices (one file per sample). The gridded data matrices need to be
unformatted, i.e., without any header or column information (these must first be
removed by manual editing).

Example for Grid_to_Vox3 (Globorotalia menardii):

File List_of_files:
00.340,input1xxxxxxxxxx_grd.txt
56.781,input2xxxxxxxxxx_grd.txt

Gridded data matrix (for Globorotalia menardii):
A 14x16 matrix (14 columns, 16 rows).
Delta X goes in horizontal direction (mid-points at 25, 75, 125,..., 675 microme-

ters).
[Intervals of Delta X=50micrometers].
Delta Y goes in vertical direction (mid-points at 50, 150, 250,...,1550 microme-

ters).
[Intervals of Delta Y=100 micrometers].

File input1xxxxx_grid:

1 2 3 4 5 6 7 8 9 10 11 12 13 14
15 16 17 18 19 20 21 22 23 24 25 26 27 28
29 30 31 32 33 34 35 36 37 38 39 40 41 42
43 44 45 46 47 48 49 50 51 52 53 54 55 56
57 58 59 60 61 62 63 64 65 66 67 68 69 70
71 72 73 74 75 76 77 78 79 80 81 82 83 84
85 86 87 88 89 90 91 92 93 94 95 96 97 98
99 100 101 102 103 104 105 106 107 108 109 110 111 112
113 114 115 116 117 118 119 120 121 122 123 124 125 126
127 128 129 130 131 132 133 134 135 136 137 138 139 140
140 141 142 143 144 145 146 147 148 149 150 151 152 153
154 155 156 157 158 159 160 161 162 163 164 165 166 167
167 168 169 170 171 172 173 174 175 176 177 178 179 180
181 182 183 184 185 186 187 188 189 190 191 192 193 194
195 196 197 198 199 200 201 202 203 204 205 206 207 208
209 210 211 212 213 214 215 216 217 218 219 220 221 222

Output

The format of the output data, which can be imported in Voxler is
Delta X, Delta Y, Age (Ma), Frequency
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Example for file input1xxxxx_grid:

   25.    50.   .34   1.
   25.   150.   .34  15.
   25.   250.   .34  29.
   25.   350.   .34  43.
   25.   450.   .34  57.
   25.   550.   .34  71.
   25.   650.   .34  85.
   25.   750.   .34  99.
   25.   850.   .34 113.
   25.   950.   .34 127.
   25.  1050.   .34 140.
   25.  1150.   .34 154.
   25.  1250.   .34 167.
   25.  1350.   .34 181.
   25.  1450.   .34 195.
   25.  1550.   .34 209.
   75.    50.   .34   2.
   75.   150.   .34  16.
   75.   250.   .34  30.
   75.   350.   .34  44.
   75.   450.   .34  58.
   75.   550.   .34  72.
   75.   650.   .34  86.
   75.   750.   .34 100.
   75.   850.   .34 114.
   75.   950.   .34 128.
   75.  1050.   .34 141.
   75.  1150.   .34 155.
   75.  1250.   .34 168.
   75.  1350.   .34 182.
   75.  1450.   .34 196.
   75.  1550.   .34 210.
  125.    50.   .34   3.
  125.   150.   .34  17.
  125.   250.   .34  31.
  125.   350.   .34  45.
  125.   450.   .34  59.
  125.   550.   .34  73.
  125.   650.   .34  87.
  125.   750.   .34 101.
  125.   850.   .34 115.
  125.   950.   .34 129.
  125.  1050.   .34 142.
  125.  1150.   .34 156.
  125.  1250.   .34 169.
  125.  1350.   .34 183.
  125.  1450.   .34 197.
  125.  1550.   .34 211.
  175.    50.   .34   4.
  175.   150.   .34  18.
  175.   250.   .34  32.
  175.   350.   .34  46.
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  175.   450.   .34  60.
  175.   550.   .34  74.
  175.   650.   .34  88.
  175.   750.   .34 102.
  175.   850.   .34 116.
  175.   950.   .34 130.
  175.  1050.   .34 143.
  175.  1150.   .34 157.
  175.  1250.   .34 170.
  175.  1350.   .34 184.
  175.  1450.   .34 198.
  175.  1550.   .34 212.
  225.    50.   .34   5.
  225.   150.   .34  19.
  225.   250.   .34  33.
  225.   350.   .34  47.
  225.   450.   .34  61.
  225.   550.   .34  75.
  225.   650.   .34  89.
  225.   750.   .34 103.
  225.   850.   .34 117.
  225.   950.   .34 131.
  225.  1050.   .34 144.
  225.  1150.   .34 158.
  225.  1250.   .34 171.
  225.  1350.   .34 185.
  225.  1450.   .34 199.
  225.  1550.   .34 213.
  275.    50.   .34   6.
  275.   150.   .34  20.
  275.   250.   .34  34.
  275.   350.   .34  48.
  275.   450.   .34  62.
  275.   550.   .34  76.
  275.   650.   .34  90.
  275.   750.   .34 104.
  275.   850.   .34 118.
  275.   950.   .34 132.
  275.  1050.   .34 145.
  275.  1150.   .34 159.
  275.  1250.   .34 172.
  275.  1350.   .34 186.
  275.  1450.   .34 200.
  275.  1550.   .34 214.
  325.    50.   .34   7.
  325.   150.   .34  21.
  325.   250.   .34  35.
  325.   350.   .34  49.
  325.   450.   .34  63.
  325.   550.   .34  77.
  325.   650.   .34  91.
  325.   750.   .34 105.
  325.   850.   .34 119.
  325.   950.   .34 133.
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  325.  1050.   .34 146.
  325.  1150.   .34 160.
  325.  1250.   .34 173.
  325.  1350.   .34 187.
  325.  1450.   .34 201.
  325.  1550.   .34 215.
  375.    50.   .34   8.
  375.   150.   .34  22.
  375.   250.   .34  36.
  375.   350.   .34  50.
  375.   450.   .34  64.
  375.   550.   .34  78.
  375.   650.   .34  92.
  375.   750.   .34 106.
  375.   850.   .34 120.
  375.   950.   .34 134.
  375.  1050.   .34 147.
  375.  1150.   .34 161.
  375.  1250.   .34 174.
  375.  1350.   .34 188.
  375.  1450.   .34 202.
  375.  1550.   .34 216.
  425.    50.   .34   9.
  425.   150.   .34  23.
  425.   250.   .34  37.
  425.   350.   .34  51.
  425.   450.   .34  65.
  425.   550.   .34  79.
  425.   650.   .34  93.
  425.   750.   .34 107.
  425.   850.   .34 121.
  425.   950.   .34 135.
  425.  1050.   .34 148.
  425.  1150.   .34 162.
  425.  1250.   .34 175.
  425.  1350.   .34 189.
  425.  1450.   .34 203.
  425.  1550.   .34 217.
  475.    50.   .34  10.
  475.   150.   .34  24.
  475.   250.   .34  38.
  475.   350.   .34  52.
  475.   450.   .34  66.
  475.   550.   .34  80.
  475.   650.   .34  94.
  475.   750.   .34 108.
  475.   850.   .34 122.
  475.   950.   .34 136.
  475.  1050.   .34 149.
  475.  1150.   .34 163.
  475.  1250.   .34 176.
  475.  1350.   .34 190.
  475.  1450.   .34 204.
  475.  1550.   .34 218.
27



KNAPPERTSBUSCH AND MARY: VOLUME DENSITY DIAGRAMS
  525.    50.   .34  11.
  525.   150.   .34  25.
  525.   250.   .34  39.
  525.   350.   .34  53.
  525.   450.   .34  67.
  525.   550.   .34  81.
  525.   650.   .34  95.
  525.   750.   .34 109.
  525.   850.   .34 123.
  525.   950.   .34 137.
  525.  1050.   .34 150.
  525.  1150.   .34 164.
  525.  1250.   .34 177.
  525.  1350.   .34 191.
  525.  1450.   .34 205.
  525.  1550.   .34 219.
  575.    50.   .34  12.
  575.   150.   .34  26.
  575.   250.   .34  40.
  575.   350.   .34  54.
  575.   450.   .34  68.
  575.   550.   .34  82.
  575.   650.   .34  96.
  575.   750.   .34 110.
  575.   850.   .34 124.
  575.   950.   .34 138.
  575.  1050.   .34 151.
  575.  1150.   .34 165.
  575.  1250.   .34 178.
  575.  1350.   .34 192.
  575.  1450.   .34 206.
  575.  1550.   .34 220.
  625.    50.   .34  13.
  625.   150.   .34  27.
  625.   250.   .34  41.
  625.   350.   .34  55.
  625.   450.   .34  69.
  625.   550.   .34  83.
  625.   650.   .34  97.
  625.   750.   .34 111.
  625.   850.   .34 125.
  625.   950.   .34 139.
  625.  1050.   .34 152.
  625.  1150.   .34 166.
  625.  1250.   .34 179.
  625.  1350.   .34 193.
  625.  1450.   .34 207.
  625.  1550.   .34 221.
  675.    50.   .34  14.
  675.   150.   .34  28.
  675.   250.   .34  42.
  675.   350.   .34  56.
  675.   450.   .34  70.
  675.   550.   .34  84.
28
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  675.   650.   .34  98.
  675.   750.   .34 112.
  675.   850.   .34 126.
  675.   950.   .34 140.
  675.  1050.   .34 153.
  675.  1150.   .34 167.
  675.  1250.   .34 180.
  675.  1350.   .34 194.
  675.  1450.   .34 208.
  675.  1550.   .34 222.
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