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A B S T R A C T

Vertebrate teeth are complex structures adapted in terms of shape and structure to serve a variety of functions
like biting and grinding. Thus, examining the morphology, composition and mechanical properties of the teeth
can aid in providing insights into the feeding behaviour of extinct species. We here provide the first mechanical
characterisation of teeth in a spinosaurid dinosaur, Suchomimus tenerensis, and a pholidosaurid crocodylomorph,
Sarcosuchus imperator. Our results show that both species have similar macrostructure of enamel, dental and
interfacial layers, and similar composition, the main constituent being fluorapatite. Microindentation tests show
that Suchomimus teeth have lower elastic modulus and hardness, as compared to Sarchosuchus. On the contrary,
Sarcosuchus teeth have lower toughness. Nanoindentation showed the existence of mechanical gradients from
dentin to enamel in Suchomimus and, less prominently, in Sarcosuchus. This was also supported by wear tests
showing that in Suchomimus the dentin region is more wear-prone than the enamel region. With still scarce
information available on the dietary regimes in extinct species, the analysis of micro and nano-mechanical
properties of fossils teeth might be a help in targeting specific biological questions. However, much is still
unknown concerning the changes underwent by organic material during diagenesis making at present impossible
to definitely conclude if the differences in the mechanical properties of Suchomimus and Sarchosuchus here re-
trieved imply that the two species adopted different strategies when dealing with food processing or are the
result of disparate taphonomic histories.

1. Introduction

Vertebrate teeth are adapted in terms of shape, size, position and
mechanical properties to perform a variety of functions such as piercing
and grinding, and the observed differences in various teeth are often
species-specific. Palaeontologists routinely use tooth morphology to
study extinct species because of the high probability of preservation
with respect to other skeletal parts (Teaford et al., 2006). The fossil
record is relatively rich in vertebrate teeth, which are used for bio-
chronology, environmental and ecological characterization (via iso-
topic analysis of the enamel) and evolutionary studies. Teeth are known
to possess excellent mechanical properties (Meyers et al., 2008), and
several studies have highlighted the unique features of these complex

structural materials (He and Swain, 2009; Marshall et al., 2001; Poole,
1957). They are formed of two main bulk layers: enamel, the external
hard layer, and dentin, the internal layer which is relatively softer. The
Dentin Enamel Junction (DEJ) that forms the intermediate bonding
layer between enamel and dentin, plays a key role in the overall
function of the tooth (Shimizu and Macho, 2007). Thus, a detailed
characterization of teeth can be done by determining and comparing
the composition and properties of enamel, dentin, and DEJ.

Going beyond the classical external morphological comparison, a
number of studies (Hwang, 2005, 2010, 2011) recently investigated the
internal dental structure of several extinct vertebrate species, and di-
nosaurs in particular, by looking at the ultrastructure and performing
mechanical simulations. Together with biomechanical studies of
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mandibles, snouts or entire skulls (Rayfield et al., 2001; Rayfield, 2007;
Fortuny et al., 2012; Serrano-Fochs et al., 2015), these works helped in
building an entirely new depiction of biomechanical capabilities and
habits, in particularly feeding behaviour.

Some of these studies have tried to answer a long-standing question
of whether the overall morphological similarity between the snout of a
Cretaceous group of theropod dinosaurs, the spinosaurids, and that of
long-snouted crocodiles is in some way mirrored by similar bio-
mechanical behaviour (Cuff and Rayfield, 2013; Rayfield et al., 2007;
Therrien, 2005; Rayfield, 2011). The Spinosauridae (Sereno et al.,
1998) show a characteristic low, elongated skull and mandible that is
reminiscent of a long snout exhibited by some extinct and extant cro-
codilians, such as the Indian gharial (Gavialis gangenticus) or the Or-
inoco crocodyle (Crocodylus intermedius). This similarity is often re-
ferred to as “crocodile-mimic” (e.g. Rayfield et al., 2007; Holtz, 1998)
and has been repeatedly used in the past to infer a similar morpho-
functional relationship implying possible analogous piscivorus feeding
behaviour (Rayfield et al., 2007; Sereno et al., 1998). Present-day
knowledge, supported by classical direct evidence on the fossil speci-
mens (Holtz, 1998; Martill et al., 1996; Charig and Milner, 1997;
Buffetaut et al., 2004), virtual biomechanical approaches like finite
element (FE) models (Rayfield, 2007), and beam theory (Cuff and
Rayfield, 2013; Therrien, 2005), posits that spinosaurids were not ob-
ligate piscivorus and could have fed also on small terrestrial prey, with
species-specific adaptations. They probably used the anterior portion of
their jaws to manipulate prey (Sues et al., 1999) though, some species
could resist well in bending and torsion (e.g. Suchomimus tenerensis,
Therrien, 2005), while some other had lower performance (e.g. Bar-
yonyx walkeri, Rayfield, 2007), and some others derived their biting
force from their huge body size rather than specific skull adaptations
e.g., Spinosaurus aegypticus (Cuff and Rayfield, 2013).

The goal of our study is to provide a mechanical characterisation of
teeth in spinosaurid dinosaurs and the long-snouted crocodiles. To ad-
dress these questions, we determined for the first time, elastic modulus,
hardness, scratch resistance and fracture toughness in the dentin and
enamel of maxillary teeth in a spinosaurid, Suchomimus tenerensis
(Sereno et al., 1998), and a crocodile, Sarchosuchus imperator (Sereno
et al., 2001). These two species were selected because they co-existed,
having lived in the very same fluvial environment of the North African
Aptian (Lower Cretaceous, ca. 120 Ma) now documented by the Ga-
doufaoua Elrhaz Formation of Niger (Taquet, 1976), and because
whole-body biometric and morphological comparison allows us to hy-
pothesise similar dietary regimes and occupation of the same ecological
niche, suggesting potential competition. Furthermore, unlike other
theropods, spinosaurid teeth have a subcircular-elliptical cross-section
(Hendrickx et al., 2015) similar to those of Sarcosuchus (Kellner and
Mader, 1997) therefore allowing meaningful comparison of structures
with similar external morphology.

2. Materials and methods

2.1. Specimens

In this work we compare the teeth of two distinct species collected
in the same stratigraphic horizon of the Elrhaz Formation of Niger
(Taquet, 1976) during field work of the Museo di Storia Naturale di
Milano, Italy (MSNM here hence) in 1980. We have used one sample
tooth from each of the two species, because of the unavailability of
more than one specimen for destructive analysis. MSNM V6313 is a
spinosaurid dinosaur maxillary tooth attributed to the species Sucho-
mimus tenerensis (Sereno et al., 1998), which belong to the family
Baryonychinae. MSNM V6288 is a crocodile maxillary tooth assigned to
the species Sarcosuchus imperator (Sereno et al., 2001). In the absence of
a detailed revision, following previous works (Hendrickx et al., 2016)
we keep the name S. tenerensis although it is probably a junior synonym
of Cristatusaurus lapparenti (Taquet and Russell, 1998).

2.2. Sample preparation

All tooth samples were embedded in a resin (Technovit® 4002 IQ)
and polished using a series of 400, 800, 1200, 2000 and 4000 grade
sand papers. We have polished the samples from labial side to the lin-
gual side, by changing the direction by 90° in consecutive sessions.
Finally, the sample was polished using a diamond paste of particle sizes
in the range of 6 μm and 1 μm, to obtain a scratch free surface. Fig. 1
shows the polished tooth sections.

2.2.1. Microscopy
Images of tooth cross-sections were captured using an optical mi-

croscope (Lynx LM-1322, OLYMPUS) attached with a CCD camera
(Nikon). The embedded cross-sections samples were carefully mounted
on double-sided carbon tape, stuck on an aluminum stub followed by
sputter coating (Manual Sputter Coater, AGAR SCIENTIFIC) with gold.
Imaging was carried out using a SEM (EVO 40 XVP, ZEISS, Germany)
with accelerating voltages between 5 and 10 kV, and in Secondary
Electron Imaging mode. ImageJ software was used for all dimensional
quantification reported in this study (Abràmoff and Magalhães, 2004).

2.2.2. X-ray microanalysis and X-ray diffraction
X-ray microanalysis and X-ray diffraction were used to test the

comparability of the samples (i.e. the composition as a result of the
taphonomic processes underwent since their burial in the sediment).
The embedded and polished samples of the teeth were sputter coated
with gold layer to perform microanalysis using the EDAX detector
(Aztec, Oxford Instruments, United Kingdom) attached to the SEM
(EVO 40 XVP, ZEISS, Germany). A high voltage of 20 kV and working
distance of 10mm was used to ensure optimum amount of counts
during the analysis. For quantification of elements, we have used spot
analysis. For microstructural examination the sectioned samples were
polished and their surfaces were etched with 5% v/v HCl for 3min.
After etching the samples were thoroughly cleaned with de-ionised
water and followed by ultrasonication for 2min.

The corresponding dentin and enamel regions were carefully
scrapped to remove some fragments. These fragments were then ground
to fine powder using a ceramic mortar and pestle. The fine powder was
spread on a flat silicon wafer and then exposed to the X-ray beam of
MoKα radiation in the diffractometer (ARL™ X'TRA Powder
Diffractometer, Thermo Fisher SCIENTIFIC) with a voltage of 45 kV and
a current of 40mA, and a Si–Li solid state detector to record the dif-
fracted intensity. The specimens were then scanned between the 2θ
range of 9–31° with a sampling step of 0.05°, a counting time of 15 s,

Fig. 1. Optical micrographs of the cross-sections showing different constitutive
layers: A-B) Suchomimus C-D) Sarcosuchus.
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and using a slit of 0.5 deg. In order to identify peaks, we used the peaks
given in database ICDD PDF (card #15–0876 for fluorapatite (Ca5
(PO4)3F, hexagonal)).

2.2.3. Microindentation and nanoindentation
We used both microindentation and nanoindentation testing be-

cause of their different capabilities. Microindentation was used to es-
timate the mechanical properties, primarily to measure the fracture
toughness because nanoindentation could not provide sufficiently long
enough crack that can be measured easily. Nanoindentation was used to
capture regional differences in terms of mechanical property maps,
mainly elastic modulus and hardness. Microindentation experiments
were performed using a standard CSM micro indenter with a load ap-
plication 200mN and at a loading rate of 200mN/min. A standard
Vickers indenter was used for measuring the properties. The maximum
applied load for indentation was chosen either by minimum detectable
indentation impression visible through the microscope or a load that
could make an indentation without resulting in catastrophic cracking of
the sample surface. Poisson ratio of 0.31 was used for estimating the
modulus (Rubin et al., 1985). Scratch experiments were performed
using a maximum load until a visible wear track was observed on the
specimen surface. Using these tests, the wear behaviour of the samples
was assessed using depth of scratch. To determine the fracture tough-
ness of the teeth, the same samples were indented using much higher
load of 2 N at a rate of 2 N/min to create fracture around the in-
dentation region. In nanoindentation experiments (using iNano, Na-
nomechanics, Inc., USA), Berkovich indenter was used to perform in-
dentations up to a maximum load of 30mN which allowed us to find
visible indentation, and at the rate of 1.8 N/min. NanoBlitz3D software
was used to map the cross-sectional surface of the tooth samples.

We estimated the fracture toughness of materials by using the
measured mechanical properties and the crack length dimensions using
the images post indentation. Fracture toughness KIC was estimated
using classical Lawn Evans Marshall model (Lawn and Wilshaw, 1975;
Evans et al., 1976):
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where here =α 0.016 (for quasi-brittle materials), E is the Young
modulus, H is the hardness, Pmax is the maximum load and c is the crack
length.

The largest crack was used to determine the crack length c (taken
from the center of the indentation impression to the crack tip, con-
sidering the longest crack for a specific indentation) for estimation of
toughness.

3. Results

3.1. X-ray microanalysis and X-ray diffraction

X-ray microanalysis was carried out both in the dentin and enamel
regions to determine the elemental composition qualitatively. Spectra
from these results showed that both regions contained primarily cal-
cium (Ca), potassium (P), oxygen (O), carbon (C), silicon (Si) and traces
of fluorine (F), sodium (Na) (Fig. 2A and B). The gold peak comes from
the sputter coating used to make the surface conducting. Qualitatively
we found no significant differences in the elements present in the teeth
of the two species (Table 1).

Notably the amount of the silicon was significantly less than 1wt%
in both species. The only minor difference observed between the two
teeth was a slightly higher wt% of fluorine and sodium contents in the
Sarchosuchus tooth (Table 1). When comparing the internal variations,
we observed that the fluorine concentration was higher in dentin region
of the teeth (Table 2). The Ca/P ratio was ∼2 in dentin and enamel
regions of both the species (Table 2).

X-ray powder diffraction technique was used to examine the crys-
talline materials present in the tooth regions. The majority of the sig-
nificant intensity x-ray peaks from these experiments primarily mat-
ched with fluorapatite (Fig. 3A and B) and all are comparable (nearly
identical) between samples.

3.2. Microstructure

Scanning electron microscopy highlighted microstructural simila-
rities and differences in the teeth. Dentin tubules were observed in both
species both in axial and sagittal planes (Figs. 4A and 5A).

The dentin crystallites in both teeth are similar, as seen in the mi-
crographs taken both in axial and sagittal planes (Fig. 4B and C and 5B-
C). In both species, a clear demarcation was observed at the DEJ
(Figs. 4D and 5D). In Suchomimus, DEJ appeared to have a wavy nature,
probably to increase interface strength and toughness, unlike in Sar-
cocsuchus (Fig. 4D). The enamel region in the Suchomimus shows that
elongated prismless enamel crystallites were arranged in a curved path
that is diverging (Fig. 4D and E). In Sarcocsuchus, single prismless en-
amel crystallites are similar to those of Suchomimus but the wavy pat-
tern was not observed (Fig. 5E). In both species prismless enamel
crystallites are densely packed. High magnification electron micro-
graphs show that enamel crystallites spanned length scales in the orders
tens of nanometres to that of a few hundred nanometres Figure (4F and
5F).

3.3. Microindentation

Microindentation experiments were used to estimate Young mod-
ulus and hardness at microscale. The depth of penetration in all the
experiments was observed to be in the range ∼1–2 μm. Results show
the difference between mechanical properties of the outer enamel layer
and the inner dentin layer. The elastic modulus and hardness values
were significantly higher in the enamel region as compared to the
dentin region in Suchomimus tenerensis, while the difference was less
significant in Sarcosuchus imperator. Suchomimus had lower values of
elastic modulus (Dentin: 57 ± 13, Enamel: 81 ± 12 GPa), and hard-
ness (Dentin: 2.6 ± 0.8, Enamel: 4.5 ± 2.7 GPa) in both regions.
Sarcosuchus displayed higher values of elastic modulus (Dentin:
91 ± 9, Enamel: 103 ± 11 GPa) and hardness (Dentin: 6.1 ± 0.4,
Enamel: 6.7 ± 1.2 GPa).

3.4. Nanoindentation

Nanoindentation experiments were used to map the properties in
more detail with at least 200 indentations in each location. Indentation
locations were selected to map the properties of dentin, transition re-
gion, and enamel layer. The property maps of Suchomimus show a clear
gradation of elastic modulus and hardness from dentin layer to enamel
layer, with a clear demarcation at the interface (Fig. 6A and C). The
average elastic modulus and hardness in the dentin region were
∼45 GPa and ∼2.5 GPa, as compared to ∼64 GPa and ∼4 GPa in the
enamel region (Fig. 6B and D), respectively. However, the property
maps of Sarcosuchus did not show a clear gradation of elastic modulus
and hardness from dentin layer to enamel layer, as compared to Su-
chomimus (Fig. 7A and C). In Sarcosuchus tooth, elastic modulus and
hardness in dentin region was ∼85 GPa and ∼3.8 GPa, as compared to
∼95 GPa and ∼4.5 GPa in the enamel region respectively (Fig. 7B and
D). The depth of penetration in nanoindentation experiments was in the
range of ∼400–700 nm and the average values of mechanical proper-
ties were slightly lesser (∼5–10%) compared to microindentation ex-
periments.

3.5. Fracture toughness

High load indentation experiments resulted in the crack formation
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in both dentin and enamel regions. In Suchomimus, the observed da-
mage was relatively less in the dentin demonstrating higher toughness
(Fig. 8A). On the contrary, indentations in enamel region showed sig-
nificant damage in terms of material chipping and longer cracks
(Fig. 8C). A similar observation was made in Sarcosuchus except for that
the size of the propagated cracks in dentin region was less prominent
(Fig. 8B and D). Cracks in principle can propagate in the both axial and
sagittal planes but we limited our study to cracks propagating in the
axial plane to investigate the role of DEJ. Fracture toughness mea-
surements showed that toughness is higher in dentin region compared
to enamel region in all the species. Suchomimus had tougher dentin
(0.9 ± 0.1MPam1/2) and enamel (0.6 ± 0.1MPam1/2) (Table 3).

Scanning electron microscope images were captured from the in-
dentation region to examine fracture surface more clearly from high
load fracture experiments. Cracks generated in the dentin region were
much smaller and there was no material removal from surrounding
region of the indentation region (Fig. 9A and B). In addition, cracks
propagated in dentin region of Suchomimus were smaller and feeble as
compared to the dentin regions of Sarcosuchus. All the indentations in
enamel region resulted in a fracture with the removal of material from
the adjacent region to indentation location as seen in Fig. 9 (C-D).

An additional set of indentations were performed close to DEJ for
examining crack propagation from enamel to dentin. This observation
closely mimics the general loading conditions of teeth where stress is
generated on the outer surface of enamel during contact with diet or

Fig. 2. Spectra from X-ray microanalysis showing the elements present in different regions of the species. A) Dentin region. B) Enamel region.

Table 1
Elemental composition of the teeth obtained from X-ray microanalysis.

Suchomimus tenerensis Sarchosuchus imperator

Wt% At% Wt% At%

Oxygen 26.1 ± 1.4 45.3 ± 1.7 26.8 ± 1.0 45.4 ± 1.2
Calcium 44.4 ± 0.9 30.8 ± 0.9 44.3 ± 0.7 29.9 ± 0.7
Phosphorus 16.9 ± 0.5 15.2 ± 0.5 16.9 ± 0.4 14.8 ± 0.4
Carbon 2.1 ± 0.4 5.0 ± 0.8 2.2 ± 0.2 5.1 ± 0.4
Fluorine 1.1 ± 0.5 2.5 ± 0.8 2.5 ± 0.8 3.5 ± 1.1
Sodium 0.5 ± 0.3 0.6 ± 0.3 0.3 ± 0.1 0.3 ± 0.2
Silicon 0.1 ± 0.1 0.1 ± 0.1 < 0.1 ± 0.1 < 0.1 ± 0.1

Table 2
Elemental composition (at%) variation in dentin and enamel of the teeth ob-
tained from X-ray microanalysis.

Suchomimus tenerensis Sarchosuchus imperator

Dentin Enamel Dentin Enamel

Fluorine 1.6±0.8 1.4±0.7 3.4± 0.9 2.6± 1.6
Ca/P ratio 2.0±0.1 1.9±0.5 1.9± 0.4 1.9± 0.4

Fig. 3. Spectra from X-ray diffraction showing the peaks corresponding to the fluorapatite present in different regions of the species. A) Dentin region. B) Enamel
region.

L. Kundanati, et al. Journal of the Mechanical Behavior of Biomedical Materials 97 (2019) 365–374

368



particulate matter attached to the diet. Thus, we performed indentation
fracture experiments in enamel region in the proximity of DEJ to ob-
serve crack propagation behaviour through DEJ. In all the tooth sam-
ples, cracks appeared to propagate towards DEJ but partially deflected
as they approached the junction without entering deep into the dentin
region (Fig. 10A and B). In the enamel region the damage appeared to
be more in terms of material removal due to brittle fracture.

3.6. Scratch testing

Scratch test results are presented using scratched surface image and
indenter penetration depth. In Suchomimus, the scratched surfaces
clearly show less wear on outer enamel layer as compared to the inner
dentin layer (Fig. 11A). This was supported by the scratch depth results
with less penetration in outer layers. On the contrary, the scratched
surface of Sarcosuchus tooth did not show a significant difference be-
tween dentin and enamel layer, as seen from the scratch depth profile
(Fig. 11B). The overall difference in wear depths between dentin and
enamel regions is relatively higher in Suchomimus (Fig. 11C and D). We
presented the values of coefficient of friction, hardness and fracture
toughness (Table 4), to investigate their role on the scratch resistance.
The coefficients of friction were observed to be almost similar in both
the cases, which are attributed to same sample preparation technique
resulting in similar surface roughness values. The hardness values were
higher in enamel region as compared to dentin region in Suchomimus,
also supported by the observed higher penetration depths in the scratch
tests.

4. Discussion

X-ray diffraction and microanalysis results show that the teeth are

mainly composed of fluorapatite, confirming previous studies in
showing that hydroxyapatite is converted to fluorapatite during the
diagenesis (Kohn et al., 1999). The fluorine peak in the X-ray micro-
analysis is coming from the fluorapatite. Furthermore, the X-ray dif-
fraction peaks are similar to those found in an earlier study on fossilized
dinosaur teeth (Lübke et al., 2015). The small differences in diffraction
peaks can be attributed to the presence of varying amounts of in-
corporated ions such as sodium and carbonate in the apatite lattice
(Enax et al., 2013). The measured hardness of Suchomimus tooth is in
the same range of the herbivorous dinosaur Triceratops (Dentin:
3.1–5.3 GPa, Enamel: 5.6 GPa) (Erickson et al., 2015), and the retrieved
tooth hardness of Sarchosuchus tooth is higher (∼5 times in dentin
region and ∼2 times in enamel region) than that of the extant salt
water crocodile Crocodylus porosus (Dentin: ∼0.6 GPa, Enamel:
∼3.15 GPa) Enax et al., 2013, determined using Vickers hardness test.
The higher mechanical properties of fossil teeth, as compared to living
teeth, can be attributed to increased mineralization.

A clear gradation was observed in the modulus and hardness of
Suchomimus tooth, unlike in Sarcosuchus. The increased presence of
fluorine in the dentin region as compared to the enamel of Sarchosuchus
can be a contributing factor. Similar trend was observed in the scratch
test, with Suchomimus tooth showing difference in the enamel and
dentin, unlike in Sarcosuchus. Despite these differences in the gradation
of the mechanical properties, crack deflection at the DEJ was observed
in both the species. This can be attributed to the change of micro-
structure at the interface when the crack is propagating from enamel to
dentin region. Also, the material removal during enamel fracture ap-
pears to be more in the direction of the enamel crystallite orientation.
This is because the crack propagation is easier along the joining inter-
face of enamel crystallites.

We note that the toughness values of the two fossilized species were

Fig. 4. Scanning electron micrographs of Suchomimus tooth internal micro-
structure. A) Dentin tubules (white arrows). B) Dentin microstructure in the
axial plane. C) Dentin microstructure in the sagittal plane. D) Wavy pattern at
the DEJ. E) Densely packed prismless enamel crystallites and change in or-
ientation (white lines). F) Microstructure of the elongated enamel crystallites.

Fig. 5. Scanning electron micrographs of Sarcosuchus tooth internal micro-
structure. A) Dentin tubules. B) Dentin microstructure in the axial plane. C)
Dentin microstructure in the sagittal plane. D) Linear interface at DEJ. E)
Densely packed prismless enamel crystallites. F) Microstructure of the elon-
gated prismless enamel crystallites.
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similar to the values of living human tooth dentin ∼1.79MPam1/2

(Imbeni et al., 2003), elephant tusk, 1.6–2.6MPam1/2 (Nalla et al.,
2003), and mammal enamels, 0.7–1.06MPam1/2 (Ayatollahi and
Karimzadeh, 2013). We therefore infer that the toughness of the studied
teeth when they were alive must have been higher, because the process
of diagenetic mineralization increases the hardness and probably re-
sulting in reduced toughness. Also, from a microstructural perspective,
the enamel crystallite pattern differences in both the teeth could con-
tribute to the observed differences in mechanical properties. In both the
species, discontinuities in the prismless enamel pattern were observed,
as reported in other studies (Sander, 1997; Sander, 2000). In Sucho-
mimus, the enamel pattern appeared to diverge and in Sarchosuchus it
appeared to be parallel type of crystallite, as described in an earlier
study (Sander, 1999). Experiments performed on bovine teeth showed
that crack arresting occurs in DEJ only when the crack initiation takes
place in enamel region (Bechtle et al., 2010). Other studies (Wang et al.,
2015) discussed the importance of the region between DEJ and dentin,
the inter-globular porous space (IGS), in crack deflection and energy
absorption during crack propagation (Bechtle et al., 2010).

Suchomimus teeth had lower elastic modulus when compared with
Sarcosuchus, showing that they are less stiff. They are also more prone
to wear as observed in the scratch test and the lower value of hardness
to modulus ratio, but displayed better toughness characteristics. On the

contrary Sarcosuchus teeth are more stiff as they deform less; they are
also harder to scratch, but could fracture more easily. Although the
rarity of the investigated specimens prevents conducting the destructive
tests performed in this study on a larger number of samples, the results
obtained can be used to make some inferences on the teeth of the two
species in the living condition. Suchomimus tenerensis was the most
common large theropod in the Gadoufaoua fauna, with a snout of about
60 cm and body length of ca. 11 m (Sereno et al., 1998). In this species
the teeth show fine wrinkling of the enamel (Sereno et al., 1998;
Buffetaut, 2013) and are deep-rooted teeth, ideal for resisting large
dorso-ventrally orientated biting forces and dissipation of energy
through the skull (Hans-Dieter Sues et al., 2002). Sarchosuchus im-
perator, a pholidosaurid crocodylomorph, was another long-snouted
giant predator in the Gadoufaoua fauna (Sereno et al., 2001; Broin and
Taquet, 1966). With a snout of about 70 cm, and a total body length of
ca. 12 m, Sarchosuchus had smooth and sturdy-crowned conical-round
teeth, ideal for resisting large anteroposterior stress, more than on the
mediolateral, and a generalized diet which would have included large
terrestrial prey such as dinosaurs (Sues et al., 1999; Monfroy, 2017;
Sloan, 2002). Its snout was compressed dorso-ventrally, rather than
medio-laterally as in spinosaurids, but the overall mechanical proper-
ties of the snout in Sarchosuchus are more similar to those of theropods
than those of other crocodilians, possibly because of similar diets

Fig. 6. Suchomimus tenerensis. A) Elastic modulus mapping across the layers. B) Corresponding elastic modulus values sorted into bins to show the variation and
percentages. C) Hardness mapping across the layers. D) Corresponding hardness values sorted into bins to show the variation and percentages. E) Optical image
showing the indented surface.
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(Monfroy, 2017). Given these similarities, it is plausible to hypothesize
that the respective ecological niches of Suchomimus and Sarchosuchus
would have overlapped.

Our results might suggest that Suchomimus and Sarcosuchus used
different strategies to cope with their dietary needs. Suchomimus teeth
dispersed the energy of the bites by deforming and wearing much ea-
sily, but this allowed the teeth to fracture less frequently. On the con-
trary, during lifetime, Sarcosuchus teeth were extremely effective and
relatively sharper given their higher modulus and hardness. However
diagenetic differential alteration of the two teeth cannot be excluded
without a better understanding of the processes involved. During di-
agenesis, alterations can occur at different length scales and re-
crystallization, partial dissolution, uptake of trace elements, erosion,
and changes in porosity are in all expected to occur. With scarce
knowledge on the amount of trace elements present in the modern
reptile skeletal parts makes the interpretation difficult (Curie, 1997). In
our study, using the observed elemental (Ca, F, Na) composition, we
tried to comment on the taphonomic process. Earlier studies suggested
that fluorine can also be used as a means of dating fossils and in con-
temporary tooth its content was found to be much less than one percent
(DeManzanares et al., 2016). A comparison between the modern and
fossilized hippopotamus showed increased levels of fluorine in the
fossilized dentin as compared to the modern one (Brugmann et al.,

2012). High degree of diagenesis can also be attributed to the levels of
sodium (Parker and Murphy, 1974), but we have not observed any
significantly higher levels as compared to the extant crocodile. Calcium
concentrations appear to have reached a saturated value as there were
no significant differences between the dentin and enamel regions, and
also between both the species (Table 1). Fluorine content (F) in the
bone tissue that had undergone diagenesis, obtained from dating
technique is estimated as (Lyman et al., 2012):

F= f (SP, K, H, T) (2)

where, SP= skeletal part from the tissue part is derived,
K= composition of burial environment, H=hydrology of the burial
environment and T= temporal duration of the exposure. We compared
our results with that of the extant crocodile teeth having fluorine
content of 0.06 and 0.09 (Table 5), in dentin and in enamel respectively
(Enax et al., 2013). We considered these values as a reference for
fluorine levels in living archosaurs and thus estimated the amount of
fluorine incorporated in enamel and dentin regions (Table 5). Because
the samples were from the same skeletal part and deposits, same shared
environment and are exposed to same time scales, we can attribute
observed fluorine differences to the microstructure and permeability, in
agreement with an earlier study (Lyman et al., 2012).

Elastic modulus values of fossilized mammalian long bones from an

Fig. 7. Sarcosuchus imperator. A) Elastic modulus mapping across the layers. B) corresponding modulus values sorted into bins to show the variation and percentages.
C) Hardness mapping across the layers. D) Corresponding hardness values sorted into bins to show the variation and percentages. E) Optical image showing the
indented surface.
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age of 1Ma to 50Ma ranged from 35.0 to 89.1 GPa, respectively, and
the increased modulus is attributed to the likely presence of calcium
phosphate with trace elements (Olesiak et al., 2006). This is agreement
with our observed higher mechanical properties. In principle, the
Young's modulus of fluorapatite can reach a maximum of 104.96 GPa
and a Vickers hardness of 5.58 GPa (Biskri et al., 2016). The estimated

hardness and elastic modulus of geological Durango fluorapatite were
found to be 5.1 ± 1.3 GPa and 119 GPa, respectively (White et al.,
2009).

5. Conclusions

Our study provides a first characterization of the fossilized teeth
mechanical properties in a spinosaurid dinosaur, Suchomimus tenerensis,
and an extinct pholidosaurid crocodylomorph, Sarchosuchus imperator.
Mechanical gradients were highlighted between the enamel and dentin
regions in Suchomimus tenerensis when elastic modulus, hardness, and
wear of tooth were tested. In contrast, less significant difference in
elastic modulus, hardness, and wear was measured in Sarchosuchus
imperatoris tooth. Overall, Suchomimus teeth were found to be less stiff
(lower elastic modulus), more prone to wear, but more tough, as
compared to Sarcosuchus. These results can contribute to the under-
standing if there was any niche partitioning between two potential
predatory competitors. However, much is still unknown concerning the
changes underwent by organic material during digenesis, making at
present impossible to definitely conclude if the differences in the

Fig. 8. Indentations showing fracture behaviour of teeth (red lines: crack
lengths measurements). A-B) Feeble cracks extending from corners of in-
dentations. C-D) Brittle fracture of enamel surface around the indentation and
deflection of crack at the interface.

Table 3
Fracture toughness values of dentin and enamel regions from microindentation
experiments.

Sample Layer Number of
Indentations

Fracture toughness
(MPa•m1/2)

Suchomimus
tenerensis

Enamel 4 0.5 ± 0.1
Dentin 4 0.9 ± 0.1

Sarcosuchus imperator Enamel 4 0.3 ± 0.1
Dentin 4 0.6 ± 0.1

Fig. 9. Scanning electron micrographs of indentations. A-B) Feeble cracks ex-
tending from the end of indentation in dentin regions. C-D) Brittle fracture of
enamel surface around the region of indentation showing removal of material in
all the species.

Fig. 10. Optical micrographs of indentations near the DEJ (green line) showing
the fracture behaviour of the teeth. Chipping of material from enamel region
due to brittle fracture is observed in the tested samples A) Suchomimus tenerensis
B) Sarcosuchus imperator.

Fig. 11. A-B) Wear tracks (bright lines) produced on polished sections through
different layers after scratching through a distance of 0.5 mm in Suchomimus
tenerensis and 0.3 mm in crocodile Sarcosuchus imperator, as denoted by the
black lines. C-D) Penetration depths from the scratch experiment on the cor-
responding teeth (applied normal force∼ 2 N).
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mechanical properties of Suchomimus and Sarchosuchus retrieved are
the evidence of a real biological signal and therefore imply that the two
species adopted different strategies when dealing with food processing,
or are the result of disparate taphonomic histories.
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