
Accepted Manuscript

A comparative study of the mechanical properties of a dinosaur and crocodile fossil
teeth

Lakshminath Kundanati, Mirco D'Incau, Massimo Bernardi, Paolo Scardi, Nicola M.
Pugno

PII: S1751-6161(18)31531-5

DOI: https://doi.org/10.1016/j.jmbbm.2019.05.025

Reference: JMBBM 3291

To appear in: Journal of the Mechanical Behavior of Biomedical Materials

Received Date: 26 October 2018

Revised Date: 15 May 2019

Accepted Date: 16 May 2019

Please cite this article as: Kundanati, L., D'Incau, M., Bernardi, M., Scardi, P., Pugno, N.M., A
comparative study of the mechanical properties of a dinosaur and crocodile fossil teeth, Journal of the
Mechanical Behavior of Biomedical Materials (2019), doi: https://doi.org/10.1016/j.jmbbm.2019.05.025.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to
our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.

https://doi.org/10.1016/j.jmbbm.2019.05.025
https://doi.org/10.1016/j.jmbbm.2019.05.025


M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

A comparative study of the mechanical properties of a dinosaur and 1 

crocodile fossil teeth 2 

Lakshminath Kundanati1, Mirco D’Incau2, Massimo Bernardi3, Paolo Scardi2, Nicola M. 3 

Pugno1,4,5* 4 

 5 

1Laboratory of Bio-inspired and Graphene Nanomechanics, Department of Civil, 6 

Environmental and Mechanical Engineering, University of Trento, Italy, 38123 7 

2 Department of Civil, Environmental and Mechanical Engineering, University of Trento, Via 8 

Mesiano 77, 38123 Trento, Italy 9 

3MUSE – Museo delle Scienze di Trento, Corso del Lavoro e della Scienza 3, 38122 Trento, 10 

Italy 11 

4School of Engineering and Materials Science, Queen Mary University of London, Mile End 12 

Road, London E1 4NS, United Kingdom 13 

5Ket-Lab, Edoardo Amaldi Foundation, Via del Politecnico snc, 00133 Roma, Italy. 14 

 15 

 16 

*Corresponding Author: 17 

nicola.pugno@unitn.it 18 

 19 

 20 

 21 

 22 

 23 

 24 

  25 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

Abstract 26 

Vertebrate teeth are complex structures adapted in terms of shape and structure to serve a 27 

variety of functions like biting and grinding. Thus, examining the morphology, composition 28 

and mechanical properties of the teeth can aid in providing insights into the feeding 29 

behaviour of extinct species. We here provide the first mechanical characterisation of teeth in 30 

a spinosaurid dinosaur, Suchomimus tenerensis, and a pholidosaurid crocodylomorph, 31 

Sarcosuchus imperator. Our results show that both species have similar macrostructure of 32 

enamel, dental and interfacial layers, and similar composition, the main constituent being 33 

fluoroapatite. Microindentation tests show that Suchomimus teeth have lower elastic modulus 34 

and hardness, as compared to Sarchosuchus. On the contrary, Sarcosuchus teeth have lower 35 

toughness. Nanoindentation showed the existence of mechanical gradients from dentin to 36 

enamel in Suchomimus and, less prominently, in Sarcosuchus. This was also supported by 37 

wear tests showing that in Suchomimus the dentin region is more wear-prone than the enamel 38 

region. With still scarce information available on the dietary regimes in extinct species the 39 

analysis of micro and nano-mechanical properties of fossils teeth might be a help in targeting 40 

specific biological questions. However, much is still unknown concerning the changes 41 

underwent by organic material during diagenesis making at present impossible to definitely 42 

conclude if the differences in the mechanical properties of Suchomimus and Sarchosuchus 43 

here retrieved imply that the two species adopted different strategies when dealing with food 44 

processing or are the result of disparate taphonomic histories. 45 

 46 

Key words: Suchomimus tenerensis, Sarcosuchus imperator, microindentation, 47 

nanoindentation, scratch test 48 

 49 
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1. Introduction 52 

Vertebrate teeth are adapted in terms of shape, size, position and mechanical properties to 53 

perform a variety of functions such as piercing and grinding, and the observed differences in 54 

various teeth are often species-specific. Palaeontologists routinely use tooth morphology to 55 

study extinct species because of the high probability of preservation with respect to other 56 

skeletal parts [1]. The fossil record is relatively rich in vertebrate teeth, which are used for 57 

biochronology, environmental and ecological characterization (via isotopic analysis of the 58 

enamel) and evolutionary studies. Teeth are known to possess excellent mechanical 59 

properties [2], and several studies have highlighted the unique features of these complex 60 

structural materials [3-5]. They are formed of two main bulk layers: enamel, the external hard 61 

layer, and dentin, the internal layer which is relatively softer. The Dentin Enamel Junction 62 

(DEJ) that forms the intermediate bonding layer between enamel and dentin, plays a key role 63 

in the overall function of the tooth [6]. Thus, a detailed characterization of teeth can be done 64 

by determining and comparing the composition and properties of enamel, dentin, and DEJ.  65 

Going beyond the classical external morphological comparison, a number of studies [7-9] 66 

recently investigated the internal dental structure of several extinct vertebrate species, and 67 

dinosaurs in particular, by looking at the ultrastructure and performing mechanical 68 

simulations. Together with biomechanical studies of mandibles, snouts or entire skulls [10-69 

13], these works helped in building an entirely new depiction of biomechanical capabilities 70 

and habits, in particularly feeding behaviour.  71 

Some of these studies have tried to answer a long-standing question of whether the overall 72 

morphological similarity between the snout of a Cretaceous group of theropod dinosaurs, the 73 

spinosaurids, and that of long-snouted crocodiles is in some way mirrored by similar 74 

biomechanical behaviour [14-17]. The Spinosauridae [18] show a characteristic low, 75 

elongated skull and mandible that is reminiscent of a long snout exhibited by some extinct 76 

and extant crocodilians, such as the Indian gharial (Gavialis gangenticus) or the Orinoco 77 

crocodyle (Crocodylus intermedius). This similarity is often referred to as “crocodile-mimic” 78 

(e.g. [15, 19]) and has been repeatedly used in the past to infer a similar morpho-functional 79 

relationship implying possible analogous piscivorus feeding behaviour [15, 18]. Present-day 80 

knowledge, supported by classical direct evidence on the fossil specimens [19-22], virtual 81 

biomechanical approaches like finite element (FE) models [11], and beam theory [14,16], 82 

posits that spinosaurids were not obligate piscivorus and could have fed also on small 83 
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terrestrial prey, with species-specific adaptations. They probably used the anterior portion of 84 

their jaws to manipulate prey [23] though, some species could resist well in bending and 85 

torsion (e.g. Suchomimus tenerensis; [16]), while some other had lower performance (e.g. 86 

Baryonyx walkeri; [11]), and some others derived their biting force from their huge body size 87 

rather than specific skull adaptations e.g., Spinosaurus aegypticus [14]. 88 

The goal of our study is to provide a mechanical characterisation of teeth in spinosaurid 89 

dinosaurs and the long-snouted crocodiles. To address these questions, we determined for the 90 

first time, elastic modulus, hardness, scratch resistance and fracture toughness in the dentin 91 

and enamel of maxillary teeth in a spinosaurid, Suchomimus tenerensis [18], and a crocodile, 92 

Sarchosuchus imperator [24]. These two species were selected because they co-existed, 93 

having lived in the very same fluvial environment of the North African Aptian (Lower 94 

Cretaceous, ca. 120 Ma) now documented by the Gadoufaoua Elrhaz Formation of Niger 95 

[25], and because whole-body biometric and morphological comparison allows us to 96 

hypothesise similar dietary regimes and occupation of the same ecological niche, suggesting 97 

potential competition. Furthermore, unlike other theropods, spinosaurid teeth have a 98 

subcircular-elliptical cross-section [26] similar to those of Sarcosuchus [27] therefore 99 

allowing meaningful comparison of structures with similar external morphology. 100 

2. Materials and methods 101 

2.1. Specimens 102 

In this work we compare the teeth of two distinct species collected in the same stratigraphic 103 

horizon of the Elrhaz Formation of Niger [25] during field work of the Museo di Storia 104 

Naturale di Milano, Italy (MSNM here hence) in 1980. We have used one sample tooth from 105 

each of the two species, because of the unavailability of more than one specimen for 106 

destructive analysis. MSNM V6313 is a spinosaurid dinosaur maxillary tooth attributed to the 107 

species Suchomimus tenerensis [18], which belong to the family Baryonychinae. MSNM 108 

V6288 is a crocodile maxillary tooth assigned to the species Sarcosuchus imperator [24]. In 109 

the absence of a detailed revision, following previous works [28] we keep the name S. 110 

tenerensis although it is probably a junior synonym of Cristatusaurus lapparenti [29]. 111 

 112 

2.2. Sample preparation 113 

All tooth samples were embedded in a resin (Technovit® 4002 IQ) and polished using a 114 

series of 400, 800, 1200, 2000 and 4000 grade sand papers. We have polished the samples 115 

from labial side to the lingual side, by changing the direction by 90 degrees in consecutive 116 
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sessions.  Finally, the sample was polished using a diamond paste of particle sizes in the 117 

range of 6 µm and 1 µm, to obtain a scratch free surface. Figure 1 shows the polished tooth 118 

sections.  119 

 120 

Figure 1. Optical micrographs of the cross-sections showing different constitutive layers: A-121 

B) Suchomimus C-D) Sarcosuchus.  122 

2.2.1. Microscopy 123 

Images of tooth cross-sections were captured using an optical microscope (Lynx LM-1322, 124 

OLYMPUS) attached with a CCD camera (Nikon). The embedded cross-sections samples 125 

were carefully mounted on double-sided carbon tape, stuck on an aluminum stub followed by 126 

sputter coating (Manual Sputter Coater, AGAR SCIENTIFIC) with gold. Imaging was 127 

carried out using a SEM (EVO 40 XVP, ZEISS, Germany) with accelerating voltages 128 

between 5 and 10 kV, and in Secondary Electron Imaging mode. ImageJ software was used 129 

for all dimensional quantification reported in this study [30]. 130 

2.2.2. X-ray microanalysis and X-ray diffraction 131 

X-ray microanalysis and X-ray diffraction were used to test the comparability of the samples 132 

(i.e. the composition as a result of the taphonomic processes underwent since their burial in 133 

the sediment). The embedded and polished samples of the teeth were sputter coated with gold 134 
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layer to perform microanalysis using the EDAX detector (Aztec, Oxford Instruments, United 135 

Kingdom) attached to the SEM (EVO 40 XVP, ZEISS, Germany). A high voltage of 20 kV 136 

and working distance of 10 mm was used to ensure optimum amount of counts during the 137 

analysis. For quantification of elements, we have used spot analysis. For microstructural 138 

examination the sectioned samples were polished and their surfaces were etched with 5% v/v 139 

HCl for 3 min. After etching the samples were thoroughly cleaned with de-ionised water and 140 

followed by ultrasonication for 2 min. 141 

The corresponding dentin and enamel regions were carefully scrapped to remove some 142 

fragments. These fragments were then ground to fine powder using a ceramic mortar and 143 

pestle. The fine powder was spread on a flat silicon wafer and then exposed to the X-ray 144 

beam of MoKα radiation in the diffractometer (ARL™ X'TRA Powder Diffractometer, 145 

Thermo Fisher SCIENTIFIC) with a voltage of 45 kV and a current of 40 mA, and a Si-Li 146 

solid state detector to record the diffracted intensity. The specimens were then scanned 147 

between the θ range of 9-31o with a sampling step of 0.05o, a counting time of 15 seconds, 148 

and using a slit of 0.5 deg. In order to identify peaks, we used a PDF card 15-0876 [ibid] of 149 

fluorapatite (Ca3 (PO4)3F, hexagonal). 150 

2.2.3. Microindentation and Nanoindentation 151 

We used both microindentation and nanoindentation testing because of their different 152 

capabilities. Microindentation was used to estimate the mechanical properties, primarily to 153 

measure the fracture toughness because nanoindentation could not provide sufficiently long 154 

enough crack that can be measured easily. Nanoindentation was used to capture regional 155 

differences in terms of mechanical property maps, mainly elastic modulus and hardness. 156 

Microindentation experiments were performed using a standard CSM micro indenter with a 157 

load application 200 mN and at a loading rate of 200 mN/min. A standard Vickers indenter 158 

was used for measuring the properties. The maximum applied load for indentation was 159 

chosen either by minimum detectable indentation impression visible through the microscope 160 

or a load that could make an indentation without resulting in catastrophic cracking of the 161 

sample surface. Poisson ratio of 0.31 was used for estimating the modulus [31]. Scratch 162 

experiments were performed using a maximum load until a visible wear track was observed 163 

on the specimen surface. Using these tests, the wear behaviour of the samples was assessed 164 

using depth of scratch. To determine the fracture toughness of the teeth, the same samples 165 

were indented using much higher load of 2 N at a rate of 2000 mN/min to create fracture 166 
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around the indentation region. In nanoindentation experiments (using iNano, Nanomechanics, 167 

Inc., USA), Berkovich indenter was used to perform indentations up to a maximum load of 168 

30 mN which allowed us to find visible indentation, and at the rate of 1800 mN/min. 169 

NanoBlitz3D software was used to map the cross-sectional surface of the tooth samples. 170 

We estimated the fracture toughness of materials by using the measured mechanical 171 

properties and the crack length dimensions using the images post indentation. Fracture 172 

toughness ��� was estimated using classical Lawn Evans Marshall model [32, 33] : 173 

�� = 	� ��	

�. ������� �� � 

where here � = 0.016 (for quasi-brittle materials). 174 

The largest crack was used to determine the crack length c (taken from the center of the 175 

indentation impression to the crack tip, considering the longest crack for a specific 176 

indentation) for estimation of toughness, as shown in the reported images. 177 

3. Results 178 

3.1. X-ray microanalysis and X-ray diffraction 179 

X-ray microanalysis was carried out both in the dentin and enamel regions to determine the 180 

elemental composition qualitatively. Spectra from these results showed that both regions 181 

contained primarily calcium (Ca), potassium (P), oxygen (O), carbon (C), silicon (Si) and 182 

traces of fluorine (F), sodium (Na) (Figure 2A-B). The gold peak comes from the sputter 183 

coating used to make the surface conducting. Qualitatively we found no significant 184 

differences in the elements present in the teeth of the two species (Table 1).  185 

Notably the amount of the silicon was significantly less than 1 wt% in both species. When 186 

comparing the internal variations, we observed that the fluorine concentration was higher in 187 

dentin region of the teeth (Table 2). On the contrary, Na levels are higher in the enamel 188 

region. We did not find significant variations in other trace elements such as Si. The Ca/P 189 

ratio was ~2 in both regions and the only minor difference observed between the two teeth 190 

was a slightly higher wt% of fluorine and sodium contents in the Sarchosuchus tooth (Table 191 

2). 192 

 193 
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 194 

Figure 2. Spectra from X-ray microanalysis showing the elements present in different 195 

regions of the species. A) Dentin region. B) Enamel region. 196 

Table 1. Elemental composition of the teeth obtained from X-ray microanalysis. 197 

 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 

 198 
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 199 

Table 2. Elemental composition (at%) variation in dentin and enamel of the teeth obtained 200 

from X-ray microanalysis. 201 

 Suchomimus tenerensis Sarchosuchus imperator 

 Dentin Enamel Dentin Enamel 

Ca/P ratio 2.0 ±0.1 1.9±0.5 1.9±0.4 1.9±0.4 

 202 

X-ray powder diffraction technique was used to examine the crystalline materials present in 203 

the tooth regions. The majority of the significant intensity x-ray peaks from these 204 

experiments primarily matched with fluorapatite (Figure 3A-B) and all are comparable 205 

(nearly identical) between samples.  206 

 207 

Figure 3. Spectra from X-ray diffraction showing the peaks corresponding to the fluorapatite 208 

present in different regions of the species. A) Dentin region. B) Enamel region. 209 

3.2. Microstructure 210 

Scanning electron microscopy highlighted microstructural similarities and differences in the 211 

teeth. Dentin tubules were observed in both species both in axial and sagittal planes (Figure 212 

4A and 5A).  213 
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 214 

Figure 4. Scanning electron micrographs of Suchomimus tooth internal microstructure. A) 215 

Dentin tubules (white arrows). B) Dentin microstructure in the axial plane. C) Dentin 216 

microstructure in the sagittal plane. D) Wavy pattern at the DEJ. E) Densely packed prismless 217 

enamel crystallites and change in orientation (white lines). F) Microstructure of the elongated 218 

enamel crystallites.  219 

The dentin crystallites in both teeth are similar, as seen in the micrographs taken both in axial 220 

and sagittal planes (Figure 4B-C and 5B-C). In both species, a clear demarcation was 221 

observed at the DEJ (Figure 4D and 5D). In Suchomimus, DEJ appeared to have a wavy 222 

nature, unlike in Sarcocsuchus (Figure 4D). The enamel region in the Suchomimus shows that 223 

elongated prismless enamel crystallites were arranged in a curved path that is diverging 224 
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(Figure 4D  and 4E). In Sarcocsuchus, single prismless enamel crystallites are similar to 225 

those of Suchomimus but the wavy pattern was not observed (Figure 5E). In both species 226 

prismless enamel crystallites are densely packed. High magnification electron micrographs 227 

show that enamel crystallites spanned length scales in the orders tens of nanometres to that of 228 

a few hundred nanometres Figure (4F and 5F). 229 

 230 

 231 

Figure 5. Scanning electron micrographs of Sarcosuchus tooth internal microstructure. A) 232 

Dentin tubules. B) Dentin microstructure in the axial plane. C) Dentin microstructure in the 233 

sagittal plane. D) Linear interface at DEJ. E) Densely packed prismless enamel crystallites. F) 234 

Microstructure of the elongated prismless enamel crystallites.  235 
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3.3. Microindentation 236 

Microindentation experiments were used to estimate Young modulus and hardness at 237 

microscale. The depth of penetration in all the experiments was observed to be in the range 238 

~1-2µm. Results show the difference between mechanical properties of the outer enamel 239 

layer and the inner dentin layer. The elastic modulus and hardness values were significantly 240 

higher in the enamel region as compared to the dentin region in Suchomimus tenerensis, 241 

while the difference was less significant in Sarcosuchus imperator. Suchomimus had lower 242 

values of modulus (Dentin: 57±13, Enamel: 81±12 GPa), and hardness (Dentin: 2.6±0.8, 243 

Enamel: 4.5±2.7 GPa) in both regions. Sarcosuchus displayed higher values of elastic 244 

modulus (Dentin: 91±9, Enamel: 103±11 GPa) and hardness (Dentin: 6.1±0.4, Enamel: 245 

6.7±1.2 GPa).  246 

3.4. Nanoindentation 247 

Nanoindentation experiments were used to map the properties in more detail with at least 200 248 

indentations in each location. Indentation locations were selected to map the properties of 249 

dentin, transition region, and enamel layer. The property maps of Suchomimus show a clear 250 

gradation of elastic modulus and hardness from dentin layer to enamel layer, with a clear 251 

demarcation at the interface (Figure 6A & C). The average elastic modulus and hardness in 252 

the dentin region were ~45 GPa and ~2.5 GPa, as compared to ~64 GPa and ~4 GPa in the 253 

enamel region (Figure 6B & D). However, the property maps of Sarcosuchus did not show a 254 

clear gradation of elastic modulus and hardness from dentin layer to enamel layer, as 255 

compared to Suchomimus (Figure 7A & C). In Sarcosuchus tooth, elastic modulus and 256 

hardness in dentin region was ~85 GPa and ~3.8 GPa, as compared to ~95 GPa and ~4.5 GPa 257 

in the enamel region respectively (Figure 7B & D). The depth of penetration in 258 

nanoindentation experiments was in the range of ~400-700 nm and the average values of 259 

mechanical properties were slightly lesser (~5 to 10%) compared to microindentation 260 

experiments.  261 
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 262 

Figure 6. Suchomimus tenerensis. A) Elastic modulus mapping across the layers. B) 263 

Corresponding elastic modulus values sorted into bins to show the variation and percentages. 264 

C) Hardness mapping across the layers. D) Corresponding hardness values sorted into bins to 265 

show the variation and percentages. E) Optical image showing the indented surface. 266 
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 267 

Figure 7. Sarcosuchus imperator. A) Elastic modulus mapping across the layers. B) 268 

corresponding modulus values sorted into bins to show the variation and percentages. C) 269 

Hardness mapping across the layers. D) Corresponding hardness values sorted into bins to 270 

show the variation and percentages. E) Optical image showing the indented surface. 271 

 272 
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3.5. Fracture toughness 273 

High load indentation experiments resulted in the crack formation in both dentin and enamel 274 

regions. In Suchomimus, the observed damage was relatively less in the dentin demonstrating 275 

higher toughness (Figure 8A). On the contrary, indentations in enamel region showed 276 

significant damage in terms of material chipping and longer cracks (Figure 8C). A similar 277 

observation was made in Sarcosuchus except for that the size of the propagated cracks in 278 

dentin region was less prominent (Figure 8B and 8D). Cracks in principle can propagate in 279 

the both axial and sagittal planes but we limited our study to cracks propagating in the axial 280 

plane to investigate the role of DEJ. Fracture toughness measurements showed that toughness 281 

is higher in dentin region compared to enamel region in all the species. Suchomimus had 282 

tougher dentin (1.0±0.2 MPa•m1/2) and enamel materials (0.5±0.1 MPa•m1/2) (Table 3).  283 

 284 

Figure 8. Indentations showing fracture behaviour of teeth (red lines: crack lengths 285 

measurements). A-B) feeble cracks extending from corners of indentations. C-D) Brittle 286 

fracture of enamel surface around the indentation and deflection of crack at the interface.  287 

Scanning electron microscope images were captured from the indentation region to examine 288 

fracture surface more clearly from high load fracture experiments. Cracks generated in the 289 

dentin region were much smaller and there was no material removal from surrounding region 290 

of the indentation region (Figure 9A-B). In addition, cracks propagated in dentin region of 291 

Suchomimus were smaller and feeble as compared to the dentin regions of Sarcosuchus. All 292 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

the indentations in enamel region resulted in a fracture with the removal of material from the 293 

adjacent region to indentation location as seen in Figure (9 C-D).  294 

 295 

Figure 9. Scanning electron micrographs of indentations. A-B) Feeble cracks extending from 296 

the end of indentation in dentin regions. C-D) Brittle fracture of enamel surface around the 297 

region of indentation showing removal of material in all the species.  298 

An additional set of indentations were performed close to dental enamel junction (DEJ) for 299 

examining crack propagation from enamel to dentin. This observation closely mimics the 300 

general loading conditions of teeth where stress is generated on the outer surface of enamel 301 

during contact with diet or particulate matter attached to the diet. Thus, we performed 302 

indentation fracture experiments in enamel region in the proximity of DEJ to observe crack 303 

propagation behaviour through DEJ. In all the tooth samples, cracks appeared to propagate 304 

towards DEJ but partially deflected as they approached the junction without entering deep 305 

into the dentin region (Figure 10 A-B). In the enamel region the damage appeared to be more 306 

in terms of material removal due to brittle fracture. 307 
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 308 

Figure 10. Optical micrographs of indentations near the DEJ (green line) showing the 309 

fracture behaviour of the teeth. Chipping of material from enamel region due to brittle 310 

fracture is observed in the tested samples A) Suchomimus tenerensis B) Sarcosuchus 311 

imperator. 312 

Table 3. Fracture toughness values of dentin and enamel regions from microindentation 313 

experiments. 314 

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 

 315 

3.6. Scratch testing 316 

Scratch test results are presented using scratched surface image and indenter penetration 317 

depth. In Suchomimus, the scratched surfaces clearly show less wear on outer enamel layer as 318 

compared to the inner dentin layer (Figure 11A). This was supported by the scratch depth 319 

results with less penetration in outer layers. On the contrary, the scratched surface of 320 

Sarcosuchus tooth did not show a significant difference between dentin and enamel layer, as 321 

seen from the scratch depth profile (Figure 11B). The overall difference in wear depths 322 

between dentin and enamel regions is relatively higher in Suchomimus (Figure 9C-D). We 323 

presented the values of coefficient of friction, hardness and fracture toughness (Table4), to 324 

investigate their role on the scratch resistance. The coefficients of friction were observed to 325 
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be almost similar in both the cases, which are attributed to same sample preparation 326 

technique resulting in similar surface roughness values. The hardness values were higher in 327 

enamel region as compared to dentin region in Suchomimus, also supported by the observed 328 

higher penetration depths in the scratch tests.  329 

  330 

Figure 11. A-B) Wear tracks (bright lines) produced on polished sections through different 331 

layers after scratching through a distance of 0.5mm in Suchomimus tenerensis and 0.3 mm in 332 

crocodile Sarcosuchus imperator, as denoted by the black lines. C-D) Penetration depths 333 

from the scratch experiment on the corresponding teeth (applied normal force ~ 2 N). 334 

Table 4. Scratch depth related properties (average values) 335 

 Dentin Enamel 

Sample 
Friction 

coefficient 

Hardness 

(GPa) 

Fracture 

toughness 

(MPa•m1/2) 

Friction 

coefficient 

Hardness 

(GPa) 

Fracture 

toughness 

(MPa•m1/2) 

Suchomimus 0.086 2.6 0.91 0.086 4.5 0.50 
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tenerensis 
Sarcosuchus 
imperator 

0.082 6.1 0.59 0.082 6.7 0.27 

 336 

4. Discussion 337 

X-ray diffraction and microanalysis results show that the teeth are mainly composed of 338 

fluorapatite, confirming previous studies in showing that hydroxyapatite is converted to 339 

fluorapatite during the diagenesis [34]. The fluorine peak in the X-ray micro-analysis is 340 

coming from the fluorapatite. Furthermore, the x-ray diffraction peaks are similar to those 341 

found in an earlier study on fossilized dinosaur teeth [35]. The small differences in diffraction 342 

peaks can be attributed to the presence of varying amounts of incorporated ions such as 343 

sodium and carbonate in the apatite lattice [36]. The measured hardness of Suchomimus tooth 344 

is in the same range of the herbivorous dinosaur Triceratops (Dentin: 3.1 - 5.3 GPa, Enamel: 345 

5.6 GPa) [37], and the retrieved tooth hardness of Sarchosuchus tooth is higher (~5 times in 346 

dentin region and ~2 times in enamel region) than that of the extant salt water crocodile 347 

Crocodylus porosus (Dentin: ~0.6 GPa, Enamel: ~3.15 GPa), determined [36] using Vickers 348 

hardness test. The higher mechanical properties of fossil teeth, as compared to living teeth, 349 

can be attributed to increased mineralization.  350 

A clear gradation was observed in the modulus and hardness of Suchomimus tooth, unlike in 351 

Sarcosuchus. The increased presence of fluorine in the dentin region as compared to the 352 

enamel of Sarchosuchus can be a contributing factor. Similar trend was observed in the 353 

scratch test, with Suchomimus tooth showing difference in the enamel and dentin, unlike in 354 

Sarcosuchus. Despite these differences in the gradation of the mechanical properties, crack 355 

deflection at the DEJ was observed in both the species. This can be attributed to the change of 356 

microstructure at the interface when the crack is propagating from enamel to dentin region. 357 

Also, the material removal during enamel fracture appears to be more in the direction of the 358 

enamel crystallite orientation. This is because the crack propagation is easier along the 359 

joining interface of enamel crystallites.  360 

We note that the toughness values of the two fossilized species were similar to the values of 361 

living human tooth dentin ~1.79 MPa•m1/2 [38], elephant tusk, 1.6-2.6 MPa•m1/2 [39], and 362 

mammal enamels, 0.7-1.06 MPa•m1/2 [40]. We therefore infer that the toughness of the 363 

studied teeth when they were alive must have been higher, because the process of diagenetic 364 

mineralization increases the hardness and thereby resulting in reduced toughness. Also, from 365 
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a microstructural perspective, the enamel crystallite pattern differences in both the teeth could 366 

contribute to the observed differences in mechanical properties. In both the species, 367 

discontinuities in the prismless enamel pattern were observed, as reported in other studies 368 

[41,42]. In Suchomimus, the enamel pattern appeared to diverge and in Sarchosuchus it 369 

appeared to be parallel type of crystallite, as described in an earlier study [43]. Experiments 370 

performed on bovine teeth showed that crack arresting occurs in DEJ only when the crack 371 

initiation takes place in enamel region [44]. Other studies [45] discussed the importance of 372 

the region between DEJ and dentin, the inter-globular porous space (IGS), in crack deflection 373 

and energy absorption during crack propagation [44].  374 

Suchomimus teeth had lower modulus when compared with Sarcosuchus, showing that they 375 

are less stiff. They are also more prone to wear as observed in the scratch test and the lower 376 

value of hardness to modulus ratio, but displayed better toughness characteristics. On the 377 

contrary Sarcosuchus teeth are more “rigid” as they deform less; they are also harder to 378 

scratch, but could fracture more easily. Although the rarity of the investigated specimens 379 

prevents conducting the destructive tests performed in this study on a larger number of 380 

samples, the results obtained can be used to make some inferences on the teeth of the two 381 

species in the living condition. Suchomimus tenerensis was the most common large theropod 382 

in the Gadoufaoua fauna, with a snout of about 60 cm and body length of ca. 11 m [18]. In 383 

this species the teeth show fine wrinkling of the enamel [18, 46] and are deep-rooted teeth, 384 

ideal for resisting large dorso-ventrally orientated biting forces and dissipation of energy 385 

through the skull [47]. Sarchosuchus imperator, a pholidosaurid crocodylomorph, was 386 

another long-snouted giant predator in the Gadoufaoua fauna [24,48]. With a snout of about 387 

70 cm, and a total body length of ca. 12 m, Sarchosuchus had smooth and sturdy-crowned 388 

conical-round teeth, ideal for resisting large anteroposterior stress, more than on the 389 

mediolateral, and a generalized diet which would have included large terrestrial prey such as 390 

dinosaurs [23, 49,50]. Its snout was compressed dorso-ventrally, rather than medio-laterally 391 

as in spinosaurids, but the overall mechanical properties of the snout in Sarchosuchus are 392 

more similar to those of theropods than those of other crocodilians, possibly because of 393 

similar diets [50]. Given these similarities, it is plausible to hypothesize that the respective 394 

ecological niches of Suchomimus and Sarchosuchus would have overlapped. 395 

Our results might suggest that Suchomimus and Sarcosuchus used different strategies to cope 396 

with their dietary needs. Suchomimus teeth dispersed the energy of the bites by deforming 397 

and wearing much easily, but this allowed the teeth to fracture less frequently. On the 398 
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contrary, during lifetime, Sarcosuchus teeth were extremely effective and relatively sharper 399 

given their higher modulus and hardness. However diagenetic differential alteration of the 400 

two teeth cannot be excluded without a better understanding of the processes involved. 401 

During diagenesis, alterations can occur at different length scales and recrystallization, partial 402 

dissolution, uptake of trace elements, erosion, and changes in porosity are in all expected to 403 

occur. With scarce knowledge on the amount of trace elements present in the modern reptile 404 

skeletal parts makes the interpretation difficult [51]. In our study, using the observed 405 

elemental (Ca, F, Na) composition, we tried to comment on the taphonomic process. Earlier 406 

studies suggested that fluorine can also be used as a means of dating fossils and in 407 

contemporary tooth, its content was found to be much less than one percent [52]. A 408 

comparison between the modern and fossilized hippopotamus, showed increased levels of 409 

fluorine in the fossilized dentin as compared to the modern one [53]. High degree of 410 

diagenesis can also be attributed to the levels of sodium also [54], but we have not observed 411 

any significantly higher levels as compared to the extant crocodile. Calcium concentrations 412 

appear to have reached a saturated value as there were no significant differences between the 413 

dentin and enamel regions, and also between both the species (Table 1). Fluorine content in 414 

the bone tissue that had undergone diagenesis, obtained from dating technique is estimated as 415 

a function [55]: 416 

F = f (SP, K, H, T)              (1) 417 

where, SP = skeletal part from the tissue part is derived, K = composition of burial 418 

environment, H = hydrology of the burial environment and T = temporal duration of the 419 

exposure. We compared our results with that of the extant crocodile teeth having fluorine 420 

content of 0.06 and 0.09 (Table 5), in dentin and in enamel respectively [56]. We considered 421 

these values as a reference for fluorine levels in living archosaurs and thus estimated the 422 

amount of fluorine incorporated in enamel and dentin regions (Table 5). Because the samples 423 

were from the same skeletal part and deposits, same shared environment and are exposed to 424 

same time scales, we can attribute observed fluorine differences to the microstructure and 425 

permeability, in agreement with an earlier study [54]. 426 

Table 5. Average values of elemental composition and mechanical properties for comparison 427 

between the fossilized specimens and the extant crocodile. 428 

 Suchomimus tenerensis Sarcosuchus imperator  Crocodylus porosus  
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(fossilized) (fossilized) (extant) [56,57] 

 Dentin Enamel Dentin Enamel Dentin Enamel 

Fluorine (wt%) 1.3 0.93 2.52 2.43 0.06 0.09 

Sodium (wt%) 0.68 0.27 0.30 0.21 0.78 1.01 

Calcium (wt%) 44.48 44.33 44.38 44.24 16.5 -20 28-32.5 

Ca/P ratio (wt%) 2.01 2.05 2.02 2.05 1.26 1.55 

Hardness (GPa) 2.6 4.5 6.1 6.7 0.6 3.15 

 429 

Modulus values of fossilized mammalian long bones from an age of 1 Ma to 50 Ma (Million 430 

years ago) ranged from 35.0 to 89.1 GPa, respectively, and the increased modulus is 431 

attributed to the likely presence of calcium phosphate with trace elements [58]. This is 432 

agreement with our observed higher mechanical properties. In principle, the Young’s 433 

modulus of fluorapatite can reach a maximum of 104.96 GPa and a Vickers hardness of 5.58 434 

GPa [59]. The estimated hardness and elastic modulus of geological Durango fluorapatite 435 

were found to be 5.1±1.3 GPa and 119 GPa, respectively [60].  436 

5. Conclusions 437 

Our study provides a first characterization of the fossilized teeth mechanical properties in a 438 

spinosaurid dinosaur, Suchomimus tenerensis, and an extinct pholidosaurid crocodylomorph, 439 

Sarchosuchus imperator. Mechanical gradients were highlighted between the enamel and 440 

dentin regions in Suchomimus tenerensis when elastic modulus, hardness, and wear of tooth 441 

were tested. In contrast, less significant difference in elastic modulus, hardness, and wear was 442 

measured in Sarchosuchus imperatoris tooth. Overall, Suchomimus teeth were found to be 443 

less stiff (lower modulus), more prone to wear, but more tough, as compared to Sarcosuchus. 444 

These results can contribute to the understanding if there was any niche partitioning between 445 

two potential predatory competitors. However, much is still unknown concerning the changes 446 

underwent by organic material during digenesis making at present impossible to definitely 447 

conclude if the differences in the mechanical properties of Suchomimus and Sarchosuchus 448 

retrieved are the evidence of a real biological signal and therefore of imply that the two 449 

species adopted different strategies when dealing with food processing, or are the result of 450 

disparate taphonomic histories.  451 
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