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ABSTRACT: In this work, we present an investigation of the
surface area and roughness of different dinosaur eggshells of 70
million years old using fractal dimension analysis obtained from
atomic force microscopy (AFM) and scanning electron microscopy
(SEM) information. We also conduct qualitative analyses on the
external and inner surfaces of eggshells, which are mainly
composed of calcium carbonate. The morphological characteristics
of both surfaces can be revealed by both SEM and AFM
techniques. It is observed that the inner surface of the eggshell
has greater roughness that increases the surface area due to the
vaster number of pores compared to the external face, making,
therefore, the fractal dimension also greater. The aim of this
contribution is to identify the morphology of the pores, as well as the external and inner surfaces of the eggshells, since the
morphology is very similar on both surfaces and will otherwise be difficult to determine with the naked eye by SEM and AFM. In
addition, the sole AFM analysis is very complicated for these types of samples due to the intrinsic roughness. However, it needs
additional methods or strategies to complete this purpose. This contribution used the fractal dimension to show the same behavior
obtained in both SEM and AFM techniques, indicating the fractal nature of the structures.

1. INTRODUCTION of oxygen (0O,)), (3) exchange of water vapor, and (4) thermal
exchange from inside to outside and vice versa.”?

According to Russu,” the porosity of an eggshell depends on
four factors: (1) the number of pores; (2) cross-sectional area;
(3) length; (4) pore morphology; and in turn, its direct
relation to the fractal dimension.” In the eggshell of various
species, pores between 0.01 and 1 mm have been observed,
which, according to the IUPAC, are classified as macropores
(>S50 nm). As the pores are smaller and the number of pores
contained in the eggshell increases, the specific superficial area
of the system (area/volume ratio) also increases dramatically,
and so does the roughness.

Fractals have been accepted to describe different natural
systems and currently finding extensive application in diverse
areas such as telecommunication technology,6 computer
science,’ optical and electronic devices,” and recent character-
ization of absorption capacity, porosity, and surface area,'”"’
using atomic force microscopy (AEM),"? scanning electron

An egg is a mineralized structure that fulfills the function of
protecting the embryo for its correct growth and development.
It is divided into an organic phase (composed mainly of
biomacromolecules as proteins) and an inorganic phase
(composed mainly of calcium carbonate), and depending on
the content of these phases, some eggs can be flexible (turtle
eggs), semi-rigid (crocodile eggs) and rigid (chicken eggs).
Among the species that are characterized by presenting rigid
eggs, we find dinosaurs. Not only dinosaurs’ eggs are known to
be very rigid, but they are also known to be very thick. Like the
other species, they have an inorganic phase called eggshell,
developed through the formation of crystalline calcium
carbonate (CaCO;) units on the inner eggshell membrane
(mammillary cone), initiating the formation of a very rigid
structure called mineral palisade, giving way to the formation
of pores, which fulfill the function of providing the embryo
with a homeostatic medium."

The morphology exhibited by the crystalline units and the
pores in the dinosaur eggshells allow us to discern between a
variety of eggshells that belong to different species of
dinosaurs. Regardless of the species and the type of eggshell,
they fulfill the same functions: (1) protection and isolation of
the embryo from the external environment, (2) gas exchange
produced by respiration and metabolism of the embryo (input
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microscopy (SEM),"""® chorioallantonic,"* extra-embryonic

vessels,'> vascular networks,® magnetic resonance images,17
among others. For example, random systems at the micro-
scopic scale behave like fractals, ie., their geometrical units
resemble one another at all scales (at both low and high
magnifications, similar features are identified). It, therefore,
means that fractals are not sensitive to the scale of resolution
and fractal analysis can be used to extract more information
about a surface as compared to the conventional statistical
methods. They argued that the presence of low-density regions
(a network of pores) of surfaces with microstructures was the
reason for the fractal behavior of thin surfaces. In rough
surfaces, the fractal dimension is used as an analytical index to
measure how the morphological features vary on scaling.""”
The fractal analysis provides information on the roughness
exponent, correlation length, and shift (or lattice size) These
parameters offer a detailed description of spatial patterning,
segmentation, texture, and lateral roughness of the surface
morphology.””*'

On the other hand, it is evident that the porous structures do
not have an ordered arrangement in their structure, so it is not
trivial to find one. For this, different methods have been
developed for the fractal analysis of various systems. According
to Mandelbrot:** “Fractals can be intuitively defined as objects
within objects or the repetition of the same objects at different
scales”. There are two types of fractals: self-similarity and self-
affinity. Self-similarity involves geometric objects whose shape
does not change when magnifying at different scales; this
means that these objects present regular fractals. Instant self-
affinity tends to exist in various natural objects (though not
always) that exhibit self-similarity only up to a certain level of
magnification or only in certain portions of it, >3 e.g,
eggshells (Figure 1). The eggshell surface can be seen as a
fractal object due to its roughness at different scales.

Figure 1. Representation of a typical eggshell surface with fractal
behavior (Koch curve). The inset shows a zoom over the surface of
the eggshells where the self-affinity is observed.

Of the different methods used to determine the fractal
dimension, the most common is the box counting method,
which uses a count of the minimum number of boxes N (of
size h) necessary to fully cover a graph or figure (in two-
dimensional (2D) (SEM) or three-dimensional (3D) (AFM)).
The counting process is repeated for different values of h and
log (N) is plotted as a function of log(1/h). The points
obtained are approximated by the traditional method of least
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squares to a straight line. By the definition of box counting, the
fractal dimension is the limit of the ratio log (N)/log (1/h)
when h tends to zero. This value can be approximated to the
magnitude of the slope of the line. Then, for each case, the
number of boxes (N) covering the fractal features is counted,
and this logarithm is plotted versus the size of boxes (h).”***
The fractal dimension (D) is determined from the maximal
slope coefficient of the double log plot defined as follow

log N(h)
log h

D = lim —
h—0 (1)

Due to the lack of information in the determination of the
surface area and roughness of the samples of dinosaur eggshells
using the box counting method, the eggshells of different
species of dinosaurs that lived in the Late Cretaceous were
studied to obtain the analysis of the fractal dimension in 2D
and 3D using images obtained by scanning electron
microscopy (SEM) and atomic force microscopy (AFM),
respectively.

The aim of this contribution is to use the fractal dimension
to show the same behavior obtained in both SEM and AFM
techniques, indicating the fractal nature of the structures. This
contribution will open the possibility of applying this
methodology using other images as in the case of optical
images for ancient samples, where growth patterns can be
mathematically and structurally analyzed.

2. MATERIALS AND METHODS

These ancient eggshells of Late Cretaceous dinosaurs were
collected in the coastal area of El Rosario, Baja California in
Mexico.”® These eggshells of different species of dinosaurs
were first washed with 5% ethylenediaminetetraacetic acid
(EDTA) with the aim of eliminating the organic membrane
and then they were washed with Milli-Q water and air-dried.
All samples were observed with an SZH10 OLYMPUS
microscope on both sides to determine the corresponding
sides of the eggshells. The thickness was sized using Image]
software. For the SEM images, the samples were washed with
5% EDTA and Milli-Q water and then air-dried. We used a
TESCAN VEGA 3 SB microscope with a voltage range of 10—
20 kV at high vacuum at magnifications of 500X and 1000X.
The SEM images at a magnification of 500X were observed
with Digital Micrograph software to observe the size of the
pores on both sides of the eggshells, while the images at a
magnification of 1000X were converted into binary images
using Image] software. The SEM images of the cross section
were taken after the treatment of the samples using a
sandpaper of 1500 grit with the aim of observing the pores.
After that, the fractal dimension of binary images was
determined using the box counting method. Then, a
NanoScope V from Thermo was used for AFM. The images
in three-dimensional color graphics were obtained using
ScanAsyst-air tips in scan assist mode at different scanning
rates with NanoScope 9.2 software, and the surface area, mean
roughness, and fractal dimension of every sample were
processed with Gwyddion software.

3. RESULTS AND DISCUSSION

During the past years, fossils of different dinosaur species have
been recorded in Mexico. Among these records is the
collection of eggshells in the town of El Rosario, Baja
California, corresponding to the Late Cretaceous (74 MY).

https://dx.doi.org/10.1021/acsomega.1c00478
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External Face

Inner Face

Figure 2. SEM images using box counting analysis. (A) SEM images at 1000X and (B) binary images. (I) Spheroolithus sample 1, (II)
Lambeosaurinae eggshell, (III) Spheroolithus sample 2, (IV) Prismatoolithus, and (V) nonidentified ootaxon.
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Figure 3. Fractal dimension based on eggshell SEM images. Sph S1:
Spheroolithus sample 1, Lmb: Lambeosaurinae eggshell, Sph S2:
Spheroolithus sample 2, Prsm: Prismatoolithus, and NI: nonidentified
ootaxon. Fractal dimension (D) values are between 1.69 and 1.87.

Some samples of eggshells belong to ornithopod (herbivores)
and theropod (carnivores) dinosaurs of the Hadrosauridae and
Troodontidae families, respectively. Those of the Hadrosaur-
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idae family correspond to the oogenus Spheroolithus, and the
oogenus Prismatoolithus correspond to the Troodontidae
family.”® The prefixes “00” (egg) and “oolithus” (stone egg)
are added to differentiate oospecies, oogenus, and oofamilies of
dinosaurs.””*®

We analyzed two eggshells of the oogenus Spheroolithus
(samples 1 (I) and 2 (II1)); one of the family Lambeosaurinae
(1), which is part of the Hadrosauridae family, with the
oogenus nonidentified; one of the oogenus Prismatoolithus
(IV); and one nonidentified ootaxon (V).

SEM images were taken from both sides of the eggshell to
observe the homogeneity of the sample, witnessing larger
structures on the external surface of the eggshell and superficial
roughness, while for the inner surface, the observed structures
are smaller, giving a smooth and homogeneous appearance
compared to the external surface. In addition, using SEM
images at 1000X, binary images were obtained to get
information about the shape and size of the pores of the
eggshells (dark areas, Figure 2B), which have different
morphologies and sizes, being wider than those observed on
the external face.

Based on the binary images, the fractal dimension was
calculated (Figure 3) using a logarithm based on the

https://dx.doi.org/10.1021/acsomega.1c00478
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Figure 4. SEM images and roughness profile indicating the possible pores of the external face of the eggshell of the Spheroolithus sample 1. (A)

Vertical profile and (B) horizontal profile.
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Figure 5. SEM images and roughness profile indicating the possible pores of the internal face of the eggshell of the Spheroolithus sample 1. (A)

Vertical profile and (B) horizontal profile.
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Figure 6. Fractal dimension based on AFM images. Sph SI:
Spheroolithus sample 1, Lmb: Lambeosaurinae eggshell, Sph S2:
Spheroolithus sample 2, Prsm: Prismatoolithus, and NI: nonidentified
ootaxon. Fractal dimension (D) values are between 2.25 and 2.5,
indicating high roughness.

relationship between the number of an empty box (N(h)) and
the size of the box (h) (eq 1). The eggshells of the
Spheroolithus sample 2 (Sph S2) and Prismatoolithus (Prsm)
species present a similar pore-size distribution on both
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surfaces, which could indicate that the pore has a unique
entrance and exit, granting greater roughness, but not
necessarily a high surface area, just like the one seen in the
eggshell of the nonidentified ootaxon (NI). Instead of the
other two eggshells, Spheroolithus sample 1 (Sph S1) and
Lambeosaurinae (Lmb), the difference in roughness observed
is greater, compared to the other three samples. This is
probably due to wear caused by diagenetic changes during
fossilization processes, which allowed the formation of large
structures and the fragmentation of the same sample. This
causes an increase in the roughness as well as in the hollow
areas, interfering with the data, as it is mainly observed in the
Lambeosaurinae eggshell (Lmb).

Due to the results obtained by calculating the fractal
dimension, it was decided to determine the pore size observed
from the SEM images (Figures 4 and $), which were measured
using Digital Micrograph software, where the pores on the
inner surface are smaller in diameter than those observed on
the external surface. This procedure was performed on all the
five dinosaur eggshells (see the Supporting Information) and
the same pattern was repeated.

An accurate analysis of the morphology and roughness of the
surfaces as well as the calculation of the surface area and many
other parameters can be obtained from atomic force
microscopy (AFM); this technique is very accurate compared

https://dx.doi.org/10.1021/acsomega.1c00478
ACS Omega 2021, 6, 7887—7895
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Figure 7. Topographies and profiles of the pore size of the surface of the eggshell of the Spheroolithus sample 1. EF: External surface and IF: inner
surface. (1) AFM image and (2) profiles of the superficial structure. (A) Profile corresponding to the X-axis and (B) Profile corresponding to the Y-

axis.

to SEM analysis, mainly when samples under analysis are not
good conductors. A disadvantage in AFM occurs when the
samples under study are very rough, making the interpretation
of the results difficult, so other tools must be used for a good
interpretation of the results. Such is the case of fractal analysis
giving good statistical results to help the characterization of
samples like those discussed in this work. The fractal
dimension (between 2D and 3D) was determined using
AFM images, and the results were similar to those obtained by
SEM (fractal dimension between one-dimensional (1D) and
2D), where the inner surface presents a greater roughness. The
values obtained between each of the phases are far from each
other since with the fractal dimension in AFM, not only the
surface but also the volume of the amount of matter present on
the surface of the samples, is analyzed up to a few microns
deep. According to Figure 6, the Spheroolithus eggshells (Sph
S1 and S2) show greater roughness (fractal dimension 2D—3D
close to 3) in general compared to the other species, followed
by Lambeosaurinae (Lmb) and Prismatoolithus (Prsm) egg-
shells, and finally, the nonidentified ootaxon (NI), which
presents low roughness on the external surface and decreases
on the inner surface.

The roughness data can be confirmed with the profiles
obtained from the topographies taken by AFM, where it can be
seen that the inner surface presents greater roughness reflected
in the variety of size of the observed structures (Figures 7-IF1
and 8-IF1), while the external one presents large structures,
giving an almost smooth appearance to the surface (Figures 7-
EF2 and 8-EF2), indicating that the formation of structures
was a little more ordered and slower, allowing a low variation
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in the size of the structures present on the surface. This
behavior could be observed in the vertical and horizontal
profiles (Figures 7 and 8) made on both surfaces of each
eggshells (for other species, see the Supporting Information).
In addition, for the Lambeosaurinae eggshell (Figure S9-IF1),
it was possible to capture the topography of a pore with a
diameter of approximately 1.5 ym.

Finally, the roughness was confirmed by calculating the
surface area of each eggshell (Figure 9). It is indeed confirmed
that the inner surface is rougher, presenting a relationship with
the size of the pores determined by SEM images that the larger
the pore diameter the less the roughness present on the
surface. Therefore, the relationship between the surface area
and the fractal dimension is directly proportional (Figure 10).

The results are an indication that the structures and pores
present in the inner surface of the eggshells are smaller;
however, when they are found in abundance, they increase the
roughness. This conclusion was corroborated through the
analysis of the distribution of the pores using the binary images
obtained from SEM, which were analyzed using Image]
software, for all of the samples under study (Figure 11).
From these images, the range of the pore diameter was
determined for the eggshell of the Spheroolithus sample 1
(Figure 11, black); it presented in the external surface pores
with diameters between 1.1 and 1.3 ym (Figures 11-1A), while
on the inner surface, the pore size was smaller with
approximately a diameter of 1 ym (Figures 11-1B). Similar
results were obtained from the eggshells of Lambeosaurinae
(Figure 11, red) and Spheroolithus sample 2 (Figure 11, blue),

https://dx.doi.org/10.1021/acsomega.1c00478
ACS Omega 2021, 6, 7887—7895
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Figure 8. Topographies and profiles of the pore size of the surface of the Prismatoolithus eggshell. EF: External surface and IF: inner surface. (1)
AFM image and (2) profiles of the superficial structure. (A) Profile corresponding to the X-axis and (B) profile corresponding to the Y-axis.
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Figure 9. Surface area based on AFM images. Sph S1: Spheroolithus
sample 1, Lmb: Lambeosaurinae eggshell, SpH S2: Spheroolithus
sample 2, Prsm: Prismatoolithus, and NI: nonidentified ootaxon. For
tabulated data, see Table S2.

with the difference that the latter presented bigger pores on the
external surface compared to the other two species.

While Prismatoolithus (Figure 11, green) and unidentified
ootaxon (Figure 11, purple) presented values of approximately
1-2 and 1.3—1.8 um for the external surface and 1.8—2.2 and
1.2—1.5 pum for the inner surface, respectively, being the largest
in diameter.

These values, compared to those reported by Carpenter
(Table 1), are consistent despite the fossilization pro-
cesses,””*" such as recrystallization of calcium carbonates
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Figure 10. Correlation between the fractal dimension and the surface
area of the dinosaur eggshells under study. (E) External surface, (I)
inner surface. Sph S1: Spheroolithus sample 1, Lmb: Lambeosaurinae
eggshell, Sph S2: Spheroolithus sample 2, Prsm: Prismatoolithus, and
NI: nonidentified ootaxon.

pedogenic®® or hydrothermal fluids caused mainly by
volcanism,®>® which induced the formation of irregular
structures, not typical of the eggshell that adhered to the
surfaces, causing the deformation of the eggshell micro-
structures (crystalline aggregates), which hinders the visibility
of the pores or the total coverage of them. This same fact
increases the roughness value, increasing the surface area of
both surfaces of the eggshell with the passing of the years.
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Figure 11. Pore distribution using Image] of the eggshell of the
dinosaur eggshell under study. (A) External surface and (B) inner
surface. (1) Spheroolithus sample 1 (black), (2) Lambeosaurinae
eggshell (red), (3) Spheroolithus sample 2 (blue), (4) Prismatoolithus
(green), and (S) nonidentified ootaxon (purple).

In addition, the morphology of the pores of each of the
eggshells under study was observed, which is related to the
pore size determined in Figure 6. Figure 12A corresponding to
the Spheroolithus sample 1 presents a pore with a diameter of
approximately 200 ym, with a larger cavity on the external
surface of the inner one. The Lambeosaurinae eggshell (Figure
12B), which despite having a slightly narrower diameter,
presents a morphology similar to that observed in the
Spheroolithus sample 1, and following Carpenter’s theory, the
appropriate pore for these two samples is tubocanaliculate
(Figure 13B) with a canal size of 0.5—0.2 mm. In addition,
Spheroolithus sample 2, which belongs to the same family as the
two previous species, presents a difference in the morphology
and pore size (Figure 12C). In this case, the pore has a
diameter of approximately 100 pm, which corresponds to
multicanaliculate (Figure 13C) with a canal size of 0.1-0.3
mm. Both the tubocanaliculate and multicanaliculate pores
show a high exchange with the environment due to the
conditions in which the eggs were found at the time of
deposition, which would be humid environments, with or
without sunlight. On the other hand, another type of pore is
observed in Prismatoolithus and unidentified ootaxon (Figure
12D,E), where the observed pore is prolatocanaliculate (Figure
13D), which is characterized by having a diameter and a
variable morphology, as well as the environment in which the
eggs were deposited.

Subsequently, the pores of the eggshells of current species
such as ostrich, emu, and crocodile (Figure 12) were
determined to observe the variability of the pores in other
species. Ostrich and emu (Figure 12F,G), species that
correspond to the same family, have pores with different

Figure 12. Morphology of the pores of the dinosaur eggshells under
study and the phylogenetically related species. (A) Spheroolithus
sample 1, (B) Lambeosaurinae eggshell, (C) Spheroolithus sample 2,
(D) Prismatoolithus, (E) nonidentified ootaxon, (F) ostrich, (G) emu,
and (H) crocodile.

morphologies. This result can be taken as evidence to indicate
that the morphology of the pores is not related to the species
of the same family. At the same time, the ostrich and crocodile
eggshells (Figure 12F,H) present a similarity with the
Spheroolithus sample 1 and Lambeosaurinae eggshells. On
the other hand, the pores observed in the emu eggshell have a
rimocanaliculate morphology (Figure 13E), which is charac-
terized by having a funnel shape with an external diameter
much greater than the internal diameter. This type of pore is
suitable for depositions in dry environments.

4. CONCLUSIONS

The correlation of information obtained between the two
techniques used (SEM and AFM), using the analysis of the
fractal dimension by the box counting method, allowed us to
determine the morphology of the structures present on the
surface as well as the size of the pores from the binary images
(black areas) and the morphology of the pores from the cross-
sectional images. In addition, it was identified that the pores on
the inner surface of the eggshell have pores of smaller
diameters, favoring the formation of smaller structures and
therefore giving greater roughness and surface area, evidencing
the relationship between the fractal dimension (1D and 2D)
and the surface area.

Table 1. Distribution of Every Pore Presents in the Eggshell of Dinosaurs”

9

pore name canal size (mm) abundance (mm?) exchange environment
angusticanaliculate 0.01-0.1 3-20/100 less dried
tubocanaliculate 0.5-0.2 400—-500/100 high buried in humid mounds
multicanaliculate 0.1-0.3 600—1000/100 high humid mounds
prolatocanaliculate 0.05—1 30—150/100 moderate varied
rimocanaliculate 0.01-0.03 undefined undefined dried
obliquicanaliculate undefined undefined undefined undefined
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Figure 13. Design of the pores present in dinosaur eggshells. (A) Angusticanaliculate, (B) tubocanaliculate, (C) multicanaliculate, (D)

prolatocanaliculate, (E) rimocanaliculate, and (F) obliquicanaliculate.
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These analyzes were developed with the purpose of
obtaining information about the distribution of the pores
and roughness of the eggshells of dinosaurs, contributing to
research focused on the analysis of surfaces that present a
certain degree of roughness and fractality in different materials.
Furthermore, identifying the external and inner surfaces of
fossilized eggshells, using methods that are available to
everyone, could be a great contribution to the paleontology
area, mainly because this methodology could be applied to
images that are easier to acquire, such as optics.
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the external surface of the eggshell of the Spheroolithus
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indicating the pore of the inner surface of the eggshell
of the Spheroolithus sample 2. (A) Vertical profile and
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roughness profile indicating the pore of the external
surface of the Prismatoolithus eggshell. (A) Vertical
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images and roughness profile indicating the pore of the
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indicating the pore of the inner surface of the eggshell
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(B) horizontal profile (Figure S8); topographies and
profiles of the pore size of the surface of the
Lambeosaurinae eggshell. (EF) External surface and
(IF) inner surface. (1) AFM image and (2) profiles of
the superficial structure. (A) Profile corresponding to
the X-axis and (B) profile corresponding to the Y-axis
(Figure S9); topographies and profiles of the pore size of
the surface of the eggshell of the Spheroolithus sample 2.
(EF) External surface and (IF) inner surface. (1) AFM
image and (2) profiles of the superficial structure. (A)
Profile corresponding to the X-axis and (B) profile
corresponding to the Y-axis (Figure S10); topographies
and profiles of the pore size of the surface of the eggshell
of the nonidentified ootaxon. (EF) External surface and
(IF) inner surface. (1) AFM image and (2) profiles of
the superficial structure. (A) Profile corresponding to
the X-axis and (B) profile corresponding to the Y-axis
(Figure S11); and superficial area and mean roughness
of dinosaur eggshells based on AFM images (PDF)
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