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Abstract

Graphic Computer and the three dimensional technique
(3D) has its applicability in various fields of science, such as:
medicine, zoology, botany and paleontology. In the
paleontology field it has been applied, mainly in the study of
vertebrates and invertebrates fossils.

The 3D-models of the scanned fossils by computed
microtomography (micro-CT) allow to observe full details of
its internal and external morphology. The three-dimensional
model of the species provides great detailing of internal and
external structures, which can contribute to a better
understanding and characterization of morphological
features of the analyzed materials. This work aims to detail
the morphology of Pyrgo depressa (d’Orbigny, 1826) (benthic
foraminifera) using the micro-CT technics.

Citation:

Dardon, U., Parméra, T.C.C., Rodrigues, M.A.C., Martins, M.V.A., 2016. Three
dimensional models of Pyrgo depressa (d’Orbigny, 1826) (foraminifera) performed
with microtomography techniques. Journal of Sedimentary Environments, 1(2):
216-227.

Results of imagens and of the 3D-modells obtained by
micro-CT analysis allowed the observation of the initial and
later chambers arrangement, the proloculus with a columnar
structure and two apertures, the sequence and linearization
of the apertures and toothplates of the following chambers,
the walls thickness and density. The 3D-models also allow to
deduce the function of teeth which is related to the initial
formation of the peripheral keel.

Keywords:  Pyrgo depressa. Benthic  foraminifera.
Morphological analysis. Computer Microtomography. 3D-
technique
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1. Introduction

Several techniques are commonly used in morphological
analysis such as: microscopy and scanning electron
microscopy (Birkmann and Lundin, 1996, Duarte et al.,
2003). The confocal microscopy and computational
methods, such as Computer Tomography (CT), a three-
dimensional technique (3D), have been recently developed
and can provide additional information (e.g. Luo and Ketten,
1991; Rowe et al., 1999; Brochu, 2000; Maisey, 2001; Dardon
et al.,, 2010).

The 3D-technique allows to conduct highly detailed
morphological analysis of fossils and living organisms. It
might also assist in the identification of new species, since
provides details of posture, anatomy, particularities of the
endoskeleton. It can be applied in the preparation of replicas
of fossils and histological models, in the study of ichnofossils
and fossils biomechanics, reconstruction and articulation of
the skeleton among others (Azevedo et al., 2010; Dardon et
al., 2010).

This method has been applied in paleontology since the
1980s, with great success in terms of results (Azevedo and
Carvalho, 2009, Mallison et al., 2009, Dardon et al., 2010).

One of the pioneering research using the 3D-technique
on the analysis of mammals materials allowed the
reconstruction of the structure of the inner ear (Luo and
Ketten, 1991; Dardon et al., 2010).

Rowe et al. (1999), Brochu (2000) and Maisey (2001) used
this technique for the three-dimensional visualization of
vascular cavities and nerve structures as well as the skull of a
crocodile, a dinosaur and a fish.

Most part of the works aiming to study morphological
features mainly analyzes external morphological structures
(.e., Schmidt, 1952; Hay and Sandberg, 1967). Studies
aiming to characterize internal details of fossils or recent
organism’s structures are much rarer.

Some works used this methodology to study foraminifera
such as: Gorog et al. (2010); Briguglio and Benedetti (2012);
Briguglio et al. (2013, 2014); Ferrandez-Canadell et al. (2014);
Eder et al. (20106).

This study aims to apply the Computer
Microtomography (Micro-CT) technique to analyze external
and internal structures of a benthic foraminifera (Pyrgo
depressa) species and to contribute for a better description of
this species.
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1.1 Three dimensional technique for Micro-CT

The 3D-technique for Micro-CT can produce multiple
tomographic images (slices). These multiple tomographic
images can be applied to a specific program for generating
3D-models which provides details of internal and external
structures (Baumgartner-Mora et al., 2006; Go6roég et al.,
2010; Dardon et al., 2010; Briguglio and Benedetti, 2012;
Briguglio et al., 2013, 2014; Ferrandez-Canadell et al., 2014,
Eder et al., 2010).

This technique can be used for instance: to quantify
volumetrically cells of foraminifera (Eder et al.,, 2016); to
study the growth and functional morphology by volume
measurements and surface of the chambers (Briguglio et al.,
2014); to identify small perturbations in the cell growth and
deviations in growth by the distance of the septum (Briguglio
etal., 2013) and, to execute biometric analysis (Briguglio and
Beneditte, 2012).

There are several types of tomographs, which can be
supplied by different companies. Some types of tomographs
are more suitable for large materials and allow to scan
ossicles, teeth, minerals, small pieces of fossil plants,
porosities and microstructures of different natures (Lasso et
al., 2008; Garwood et al., 2009; Garwood and Sutton, 2010).
Micro-CT is able to scan at high resolution, materials with
micrometers dimension, including foraminifera (G6rog et al,
2010; Briguglio and Benedetti, 2012; Briguglio et al., 2013,
2014; Ferrandez-Canadell et al., 2014; Eder et al.,, 2010), or
nanometers dimension.

For building a 3D-model, specific software is needed.
The images of the sliced materials can be joined to form a
3D object through the software such as Mimics, 3D-Doctor
(Dardon et al., 2010), as well as the Avizo and InVesalius,
which display an algorithm named “shape from silhouettes”
(Zhou and Toénnes, 2004; Velaz et al., 2008; Solimene et al.,
2010; Tan and Jiang, 2011). This algorithm is similar to a
photogrammetry software and its approach is called Visual
Hull, a geometric entity defined by the shape of silhouette of
the object in 3D-technique (Laurentini, 1994).

Gorog et al. (2010) suggested that the 3D-technique is
very effective in fossils of small dimension since it provides
high richness of detail.

Computed Micro-CT has the same technical basis
of the computed tomography, but is an improvement
of X-rays inspection techniques and is non-invasive
and also displays micrometer resolution (Lima et al.,
2007; Dardon et al., 2010; G6rog et al., 2010).
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For its application in Micropaleontology the CT
technique requires small adjustments due to the small
dimension and differences in the fossils density (Dardon et
al., 2010). The algorithm wused in microtomography
processes the three-dimensional model by varying density
captured by CT scans (Dardon et al., 2010; Grillo et al., 2011,
Tan and Jiang, 2011).

The Micro-CT applied to micropaleontological materials,
namely to foraminifera morphological analysis, is
advantageous because it is not destructive (G6rdg et al.,

2010).

1.2 Foranunifera

Foraminifera are single-celled organisms. They can have
one or many nuclei. Foraminifera also possess
granuloreticulose pseudopodia. They are essentially marine
protozoa that emerged in the Cambrian, about 570 million
years ago, and lived until today (Seyve, 1990; Lin, 1992;
Goldstein, 1999; Scott, et al, 2001). These organisms
although appeared in the Cambrian period and diversified
and invaded all marine environments in the Phanerozoic
(Seyve, 1990; Lin, 1992; Goldstein, 1999; Scott, et al., 2001).

They are very abundant and diverse in modern oceans,
occurring from the transitional environments, to continental
shelves until the abyssal plain and hadal environments
(Seyve, 1990; Arenillas, 2004).

Foraminifera can be applied in several research areas,
such as, in ecology and paleoecology, for several reasons:
occupy all marine environments, from the lower areas to the
deepest parts of the ocean; they are abundant and varied in
a small amount of sample; they have a hard test that is quite
well preserved in the sediment; it is relatively ease to collect
and separate them from the sediment; they are sensitive and
respond quickly to changes in the environment (Schénfeld
et al., 2012). Moreover, they have short reproductive cycles
and displayed a rapid evolution in time (Goldstein, 1999;
Murray, 2012).

These organisms respond very directly to the changes
that occur in their habitat due to their sensitivity to
environmental factors, such as salinity, temperature, pH,
substrate, organic matter and oxygen content (Martins et al.,
2010, 2013, 2014, 2015a, 2015b). So they have been used as
environmental bioindicators due to their sensitivity to
natural and anthropogenic changes that are reflected in their
abundance, species composition of the assemblages and
even in the ornamentation of their tests (Frontalini and
Coccioni, 2011).
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The test is a fundamental structure of foraminifera
(Loeblich and Tappan, 1964). Foraminifera build their tests
with varied materials, ranging from organic substances
through agglutinated foreign matter to secreted calcium
carbonate, but reportedly including such exotic materials as
silica and iron (Lipps, 1973).

The great variety of foraminifera can be separated into
three groups on the basis of test construction: those with
membranous tests (allogromiids), those with agglutinated
tests (textulariids), and those with deposited calcium

carbonate walls, including the fusulinids, miliolids, and
rotaliids (Lipps, 1973; Loeblich and Tappan, 1964, 1988).

The test is the element most studied of foraminifera,
since the current classification is based almost exclusively on
its characteristics (Debenay et al., 1996). The morphology,
composition and microstructure serve to distinguish
between genera and species (Loeblich and Tappan, 1964).
The external morphology of the test can be relatively simple
or extremely complex. The most complex tests are formed
by a succession of chambers (multilocular) which are
separated from each other by partitions called septa
(Loeblich and Tappan, 1964). Each chamber communicates
with each other by foramina, holes that allow contact
between two contiguous chambers (Bignot, 1982). The last
chamber communicates with the exterior through one or
several apertures. Consequently, the general aspects of
multilocular tests are extremely diverse (Loeblich and
Tappan, 1964, 1987).

2. Materials and Methods

This study applied the Micro computed tomography
(Micro-CT) to a specimen of foraminifera, Pyrgo depressa
(d’Orbigny, 1826) (Fig. 1) from Pleistocene strata, of core
PC7-1, collected in the NW Iberian Margin (42°40°29”N,
11°09°48”W, 1.675m). The genus Pyrgo belongs to: Order
Miliolida, Suborder Miliolina, Superfamily Milioloidea,
Family Hauerinidae, Subfamily Miliolinellinae (according to
World Register of Marine Species, accessed on 04.05.2016).
This is considered an epifaunal and a typically bathyal taxon
(Alavi, 1988; Mutray, 1991).

The external morphology of the analyzed specimen of P.
depressa was photographed with Zeiss Stereo Discovery V12
microscope. This specimen was then analyzed with a micro-
CT. In this work, a Sky Scan 1172 Microtomograph was
used, which provides a resolution of up to 0.4 micrometers
detection, and the CTVox, 3D-Doctor, 3Dsom software,
which have the algorithm “shape from silhouettes” as well
as the Ctan and DataViewer software, for analysis of Micro-
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CT scans. The 3D-Max and Maya software were also used
for modeling, treatment of three-dimensional models and
animation.

The tomographic images of the studied specimen were
analyzed with the 3D-Doctor software, which allowed the
observation of each image and generate a 3D-model. They
were also analyzed by the CT-microtopographies in
DataViewer software for observation in the three axes (X, Y
and Z). The CTVox software was also used for creating a
virtual video to analyze specimens. The Ctan software was
used to analyze differences in the test density.

All procedures of analysis and the 3D-model generation
were performed in Micropaleontology Laboratory, of the
Faculty of Geology, at the Universidade do Estado Rio de
Janeiro. For computed microtomography was used the
SkyScan 1172 Microtomograph of the Embrapa Laboratory
(Embrapa Agricultural Instrumentation), Sao Catlos, Brazil.

3. Results

The analyzed specimen of P. depressa was photographed
with a light microscope (Fig. 1). These photos provide a
general view of the test. The tomographic images are
presented in Figures 2-9.

Figure 2 shows external features of the test and internal
arrangement of the chambers of the analyzed specimen at
the resolution of 2D-model (tomographic images) and 3D-
model (by 3D-Doctor and DataViewer software,
respectively).

Figure 3 presents a 3D-model view performed by the
CTVox software in several positions including both internal
and external views. In Figure 4 is also presented a 3D-model
view of P. depressa performed by the Ctan software, which
evidences different densities of the test. The highest densities
are observed in the most calcified parts of the test.

In the Figure 5, 2D-models and 3D-models of several test
sections can be compared. The image B of this figure also
shows the variation of the density of materials of the studied
specimen. The images included in this figure evidence the
occurrence of sediment deposited inside the test.

The 3D-models performed and treated by 3D-Max and
Maya software are presented in Figure 6. These models
evidence the thickness of the chambers’ walls and the initial
chamber of the P. depressa test (proloculus).

Details of the apical region of the test of the analyzed
specimen can be observed in Figure 7, in two 3D-models
obtained from 3D-Max and CTVox software. This figure
highlights particularities of the specimen’s aperture showing
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a plate. This image obtained though the CTVox, also shows
the initial internal chambers arrangement.

The CT-scan analyzed with the 3D-Max and Maya
software enabled to examine sections of the 3D-model of
the analyzed P. depressa specimen (Fig. 5). It was possible to
observe details with a sharply definition of its internal
structure, including the internal side of the walls, foramina,
depressions and inner chambers cross  sectional
arrangement. A detail of the sediment deposited within its
chambers is also observed.

The use of the Ctan software facilitated the observation
of differences in densities and structures found in the other
images obtained in the scans using the DataViewer and
CTVox software (Fig. 0).

The apical view of P. depressa and aperture, in two 3D-
models performed by 3D-Max and CTVox software, is
shown in Fig. 7 (A and B, respectively). These models
evidence the external biconvex structure of the test, the
marginal keel, encircling the test at its equatorial line and the
smooth wall (with soft roughness). The wall is not
perforated. The marginal keel remains in the oral region,
flanking one side of the aperture and giving rise to dental
apparatus constituted by two prominent teeth.

Figure 8 presents a 3D-model image obtained by CTVox
software. This image shows the proloculus and evidences the
intercameral thickened septa that delimit two successive
chambers.

Additionally, the 3D-models images obtained by CTVox
software presented in Figure 9 display the central structure
of P. depressa: the external and internal structure of the
proloculus, as well as its aperture.

The 3D-moddle of the analyzed P. depressa is included in
the supplementary material 1 (SM1), performed with the
CTVox software. This software can produce a video to
visualize the inside and outside morphology.

Fig. 1. The species Pyrgo depressa observed in two sides of the test
(A and B; scale of 100 um). The aperture is observed in the apical
extremity of the test.

219



Journal of Sedimentary Environments

Published by Universidade do Estado do Rio de Janeiro
1(2):216-227, April-June, 2016

doi: 10.12957/js¢.2016.23265

RESEARCH PAPER

section. Scale 100 um.

Fig. 2. Photos A, B, C and D resulted from scans analyzed using the Dataviewer software. Photos: A. longitudinal section from aboral
to apical extremities; B. longitudinal section from aboral to apical extremities at perpendicular to A. C — three axis view. D. transversal

Fig. 3. The 3D-model view performed by the CTVox software in several positions including both internal and external views. Scale 50 pm.
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Fig. 4. A 3D-model view of P. depressa performed by the Ctan software (scale 50 um). The image evidences density differences. The
semiquantitative scale is displayed (below the photo). Color scale: the black color represents empty spaces; the lowest density is
represented by pink and the blue is used to mark the highest densities parts of the test.

Fig. 5. A. Apical-aboral longitudinal section view obtained with the Dataviewer software. B. image obtained by the Ctan software,
showing density differences in median cut of test between the keel. C. 3D-model of section B. D. 3D-model of the section. Images C
and D were obtained by the CTVox software. A. Legend. S — sediment deposited inside the test. Sediments are evidenced by the letter
S. Scale 50 um. Color scale: the black color represents empty spaces; the lowest density is represented by pink and the blue is used to
mark the highest densities parts of the test.
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Fig. 6. Sections of Pyrgo depressa allowing the visualization of its interior. These 3D-models were performed and tread by 3D-Max and
Maya software. Scale 50 um.

Fig. 7. The apical view of P. depressa apertura, in 3D-models by: A. 3D-Max software; B. CTVox software. Scale of 50 um. Legend: P —
proloculo. T — Tooth. A. aperture.
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Fig. 8. A 3D-model image obtained by CTVox software, of P. depressa showing the proloculus (P) and the initial internal chambers

arrangement. Scale 10 pm.

4. Discussion

The physical principle of the micro-CT (computed
microtomography) and CT are based on the attenuation of
X-rays when they interact with the object. The intensity of
the photons passing through the object depends on the
number of atoms per unit volume (density) and type of
atoms along the beam (Laurentini, 1994). Essentially, the
quality of micro-CT image depends on spatial resolution,
contrast signal and noise. However, one of the most
important parameters in micro-CT is the size of the pixel
scanning, which is linked with the spatial resolution of the
system (Laurentini, 1994).

In this work, the 3D-models resulted from set of
cootdinates included in a spatial network, which is formed
by the shape from silhouettes of the scanned material
captured by the images generated by the SkyScan 1172
microtomograph or micro-CT. This has an algorithm that
generates a spatial mesh, the object silhouette through the
photographs (Kim et al., 2010).

One of the most popular methods for this purpose is the
use of the algorithm, which calculates the 3D-shape from
solid materials by volume intersection by silhouette
(Solimene et al, 2010; Grillo et al., 2011). Every point
captured by the silhouette through a 2D-image of the object

is segmented through the formation of the space cone
(Solimene et al., 2010; Grillo et al., 2011).

The intersection of high number of cones captured by the
micro-CT at different positions of the detector enables to
estimate the 3D-model volume of the analyzed object. This
algorithm is called Visual Hull, a geometric entity defined by
the shape of silhouette of the object in 3D-technique
(Laurentini, 1994; Solimene et al., 2010).

The 1808 tomographic images and the 3D-model of the
studied specimen analyzed with the 3D-Doctor, CTVox,
DataViewer, 3D-Max, Ctan and Maya software, allowed to
evidence different kind of internal and external structures.

The 3D-Doctor software analyzes a plan of the micro-
CT (Fig. 2). This program makes the integration of all
monoplane tomographic images and can generate a 3D-
model (Fig. 2 E, F).

On the basis of the DataViewer software, it is possible to
analyze simultaneously three axes plane (Fig. 2 A-D). Figure
2 (A, B, D) presents three axes of the test sections, which are
integrated in Fig. 2C. These pictures display the wall
thickness of the chambers, the number of chambers around
the coiling axis, the inner filling of the chambers, the
intercameral septa, apertures, among other features.
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Fig. 9. 3D-model images obtained by CTVox software, of P.
depressa showing the central structure of the specimen evidencing
the proloculus (P): A. External wall of the proloculus; aperture
detail with lateral expansions. B. the channel of one of the
apertures. C. internal structure of the wall of proloculus with
multiple columnar thickenings. Scale 3 pum.

The 3D-model obtained by the CTVox software, is
composed by the micro-CT photos, allowing the
differentiation of structures using a color spectrum (Figures
3, 5C, D, 7B, 8, 9). This software cuts the 3D-model, at
various depths (Fig. 3, Fig. 5C, D), and has the function to
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make more translucent, allowing a better analysis of internal
structures (Figs. 9).

By the Ctan software, we are able to evidence density
differences (Fig. 4, 5B). This program allows us to note that
as the test grows, the external chambers are becoming
progressively thicker and denser, or more calcified. The test
region with denser wall corresponds to the keel both at the
initial chambers as at the final one. This program also
evidences material deposited on and inside the chambers. In
the studied specimen, the deposited material displays in
general low density, which should correspond to remains of
organic matter (density of 0.472 g/cm¥ according to
Olukayode et al, 2012). However, in some areas, it is
possible to observe, relatively dense material, but less than
that which constitutes the test. As the density of the calcite
is about 2.711 g/cm? (Calcite mineral information and data.
- Mindatorg,  http://www.mindat.org/min-859.html,
accessed on 04.05.2016) and quartz is 2.65 - 2.66 g/cm?
(Quartz  mineral  information  and  data, in
http://www.mindat.org/min-3337.html,  accessed  on
04.05.2016) we can deduce that terrigenous sediments are
deposited in some parts of the test of the analysed specimen.

The 3D-Max and Maya software are very useful for the
treatment of three dimensional models. They can handle 3D
objects facilitating the visualization of their structures, as
shown in Figures 6 and 7A. The Figure 6 evidences the wall
thickness of the inner and outer chambers, the space within
the chambers and wall roughness. It was obtained
simultaneously by 3D-Max, which allowed a good rotation
of the specimen, and Maya software, which allowed to
improve image quality by removing the noise.

4.1 Special features observed in P. depressa based on the Micro-
cr

The test of P. depressa specimen observed in this work,
with a diameter of about 0.4 mm, has a circular outer
contour, an acute peripheral edge and a large and thickened
keel. The wall is carbonated (porcelaneous) smooth and
imperforate (Figs. 1, 3, 7).

The test, composed by 13 chambers, including a
proloculus (Fig. 2D), is ovate in outline view, compressed
through the midpoint of the opposing chambers (Figs. 1, 3,
7). The midpoint between two chambers has a developed
keel periphery.

The eatly chambers display a quinqueloculinoid
arrangement composed by 2 whotls of the coil (Fig. 2D),
which is followed by a biloculinoid arrangement (Figs. 2, 5).
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The chambers of the biloculinoid disposal, occupy one
half coil in length. The aperture at the end of the final
chamber is a slit flanked by two curved teeth (Fig. 7). These
morphological characteristics agree with the description of
Loeblich and Tappan (1988) for the genus Pyrgo.

However, the 3D-Models allowed to evidence some
structures never before described. The proloculus has two
apertures, positioned at opposite ends (Fig. 9A, B; SM1). The
following chambers have one aperture with the same
configuration. These apertures are not always aligned with
that of the last chamber. However, the main aperture of the
proloculus, which is clearly well defined (see Fig. 9 A, B) is
aligned with the final apertural slit (Fig. 7).

The final aperture is an extensive and relatively wide slit
that connect directly with internal chambers (Fig. 7). The
aperture at the apical end of the last chamber has a
configuration/structure identical to the previous chambers
but larger in size, since the most internal chambers are
smaller (SM 1).

The dental slab of the proloculus is merged with the wall
of the next chamber, creating its initial part of the keel (Fig.
9A). This relationship of the toothplates is observed in all
the chambers (SM1). That is, the dental slab of the anterior
chamber supports the beginning formation of the wall of the
next chamber, being associated with its keel. The role of the
toothplate should be to give support to the next chamber
formation.

The proloculus wall seems to be complex (Fig. 9C; SM1).
It is composed by internal multiple columnar thickenings.
Every two columns support a part of the outer wall of the
proloculus. These columnar thickenings are associated with
the septa of the primary chambers that constitute the
quinqueloculine coiling.

As the test grows, the outer chamber walls are becoming
denser and thick (Figs 3, 4, 5, 6). The highest densities are
observed in the last chambers, particularly in the keel that
compose the outer edge. Through the density spectrum
analysis, it is possible to perceive the presence of organic
matter and sediment within the test.

5. Conclusion

The use of 3D-Doctor software allowed the generation
of 3D-models of the external and internal structure of the
foraminifera test. The high resolution of 1172 SkyScan
Micro-CT allowed a denser internal three-dimensional mesh,
which resulted in a clear definition of the chambers in the
3D-models. These models show particularities that are not
possible to easily observed and perceived with the
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microscopic methods traditionally used in the morphological
analysis of microorganisms.

Moreover, the specific software used in this work display
functions, which can be used to produce a video of the three-
dimensional structure of the studied materials. The movie
allows the observation and further analyzes of the
configuration and position of internal structures. These
techniques of analyses may allow a more accurate description
of the characteristics of the species.

In this case, it allows better account for the number, size
and spatial arrangement of chambers, as well as other
internal details, such as the wall, aperture and proloculus
configuration, shape and number of foramina.
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