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Abstract

Vertebrate teeth are complex structures adaptadrins of shape and structure to serve a
variety of functions like biting and grinding. Thusxamining the morphology, composition
and mechanical properties of the teeth can aid roviging insights into the feeding
behaviour of extinct species. We here provide its¢ inechanical characterisation of teeth in
a spinosaurid dinosaurSuchomimustenerensis and a pholidosaurid crocodylomorph,
Sarcosuchusmperator. Our results show that both species have similacrostructure of
enamel, dental and interfacial layers, and sinmtlamposition, the main constituent being
fluoroapatite. Microindentation tests show tBaichomimuseeth have lower elastic modulus
and hardness, as comparedsarchosuchusOn the contrarySarcosuchuseeth have lower
toughness. Nanoindentation showed the existenamewmhanical gradients from dentin to
enamel inSuchomimusand, less prominently, iBarcosuchusThis was also supported by
wear tests showing that Buchomimushe dentin region is more wear-prone than the eham
region. With still scarce information available tre dietary regimes in extinct species the
analysis of micro and nano-mechanical propertie®sdils teeth might be a help in targeting
specific biological questions. However, much idl sthknown concerning the changes
underwent by organic material during diagenesisintait present impossible to definitely
conclude if the differences in the mechanical prige of Suchomimusnd Sarchosuchus
here retrieved imply that the two species adoptédrdnt strategies when dealing with food

processing or are the result of disparate taphonbistories.

Key words: Suchomimugenerensis, Sarcosuchimperator,microindentation,

nanoindentation, scratch test
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1. Introduction

Vertebrate teeth are adapted in terms of shape, psition and mechanical properties to
perform a variety of functions such as piercing gridding, and the observed differences in
various teeth are often species-specific. Palaémgisds routinely use tooth morphology to
study extinct species because of the high prolaloh preservation with respect to other
skeletal parts [1]. The fossil record is relativeigh in vertebrate teeth, which are used for
biochronology, environmental and ecological chamazation (via isotopic analysis of the
enamel) and evolutionary studies. Teeth are knownpossess excellent mechanical
properties [2], and several studies have highligilttee unique features of these complex
structural materials [3-5]. They are formed of tmain bulk layers: enamel, the external hard
layer, and dentin, the internal layer which is tigkely softer. The Dentin Enamel Junction
(DEJ) that forms the intermediate bonding layemeein enamel and dentin, plays a key role
in the overall function of the tooth [6]. Thus, etdiled characterization of teeth can be done

by determining and comparing the composition amg@rties of enamel, dentin, and DEJ.

Going beyond the classical external morphologi@ahpgarison, a number of studies [7-9]
recently investigated the internal dental structofeseveral extinct vertebrate species, and
dinosaurs in particular, by looking at the ultrasture and performing mechanical
simulations. Together with biomechanical studiesnaindibles, snouts or entire skulls [10-
13], these works helped in building an entirely ngspiction of biomechanical capabilities

and habits, in particularly feeding behaviour.

Some of these studies have tried to answer a ltamglsig question of whether the overall
morphological similarity between the snout of at@ceous group of theropod dinosaurs, the
spinosaurids, and that of long-snouted crocodikedni some way mirrored by similar
biomechanical behaviour [14-17]. The Spinosauridd8] show a characteristic low,
elongated skull and mandible that is reminiscena ¢dng snout exhibited by some extinct
and extant crocodilians, such as the Indian gh4@alvialis gangenticysor the Orinoco
crocodyle Crocodylus intermedigsThis similarity is often referred to as “crocldmimic”
(e.g. [15, 19]) and has been repeatedly used ipasé to infer a similar morpho-functional
relationship implying possible analogous piscivofesding behaviour [15, 18]. Present-day
knowledge, supported by classical direct evidentahe fossil specimens [19-22], virtual
biomechanical approaches like finite element (FEdets [11], and beam theory [14,16],
posits that spinosaurids were not obligate piscisoand could have fed also on small
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terrestrial prey, with species-specific adaptatidrigey probably used the anterior portion of
their jaws to manipulate prey [23] though, somecg®e could resist well in bending and
torsion (e.g.Suchomimus tenerensid6]), while some other had lower performancey.(e.
Baryonyx walkeri[11]), and some others derived their biting fofimem their huge body size

rather than specific skull adaptations eSpinosaurus aegypticyi$4].

The goal of our study is to provide a mechanicarabterisation of teeth in spinosaurid
dinosaurs and the long-snouted crocodiles. To addieese questions, we determined for the
first time, elastic modulus, hardness, scratchstascte and fracture toughness in the dentin
and enamel of maxillary teeth in a spinosauidchomimus tenerengis8], and a crocodile,
Sarchosuchus imperatdl4]. These two species were selected because dbexisted,
having lived in the very same fluvial environmeritthe North African Aptian (Lower
Cretaceous, ca. 120 Ma) now documented by the Gaoloai Elrhaz Formation of Niger
[25], and because whole-body biometric and morpliodd comparison allows us to
hypothesise similar dietary regimes and occupatioime same ecological niche, suggesting
potential competition. Furthermore, unlike otherertipods, spinosaurid teeth have a
subcircular-elliptical cross-section [26] similao those of Sarcosuchus[27] therefore

allowing meaningful comparison of structures withitar external morphology.

2. Materialsand methods

2.1. Specimens

In this work we compare the teeth of two distineéces collected in the same stratigraphic
horizon of the Elrhaz Formation of Niger [25] dugitfield work of the Museo di Storia
Naturale di Milano, Italy (MSNM here hence) in 198Ue have used one sample tooth from
each of the two species, because of the unavaialmf more than one specimen for
destructive analysis. MSNM V6313 is a spinosaunmbsiaur maxillary tooth attributed to the
speciesSuchomimus tenerendi$8], which belong to the family Baryonychinae. M&N
V6288is acrocodile maxillary tooth assigned to the spe8ascosuchus imperat¢g24]. In

the absence of a detailed revision, following poesi works [28] we keep the nang

tenerensislthough it is probably a junior synonym@fistatusaurus lapparen{9].

2.2. Sample preparation
All tooth samples were embedded in a resin (Tecit®o4002 1Q) and polished using a
series of 400, 800, 1200, 2000 and 4000 grade papdrs. We have polished the samples

from labial side to the lingual side, by changihg tirection by 90 degrees in consecutive
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sessions. Finally, the sample was polished usikgaaond paste of particle sizes in the
range of 6 um and 1 um, to obtain a scratch frelasel Figure 1 shows the polished tooth

sections.

Dentin Enamel

Suchomimus

@
i
|

Dentin

Sarcosuchus

Figure 1. Optical micrographs of the cross-sections showliffgrent constitutive layers: A-

B) Suchomimus C-D) Sarcosuchus.
2.2.1. Microscopy

Images of tooth cross-sections were captured umingptical microscope (Lynx LM-1322,
OLYMPUS) attached with a CCD camera (Nikon). Thebedded cross-sections samples
were carefully mounted on double-sided carbon tafuek on an aluminum stub followed by
sputter coating (Manual Sputter Coater, AGAR SCIHNCT) with gold. Imaging was
carried out using a SEM (EVO 40 XVP, ZEISS, Germjamyth accelerating voltages
between 5 and 10 kV, and in Secondary Electron iimgagnode. ImageJ software was used

for all dimensional quantification reported in tistsidy [30].
2.2.2. X-ray microanalysisand X-ray diffraction

X-ray microanalysis and X-ray diffraction were udedest the comparability of the samples
(i.e. the composition as a result of the taphongonazesses underwent since their burial in
the sediment). The embedded and polished samptege téeth were sputter coated with gold
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layer to perform microanalysis using the EDAX date¢Aztec, Oxford Instruments, United
Kingdom) attached to the SEM (EVO 40 XVP, ZEISSyiGany). A high voltage of 20 kV

and working distance of 10 mm was used to ensutienapy amount of counts during the
analysis. For quantification of elements, we hageduspot analysis. For microstructural
examination the sectioned samples were polishedteidsurfaces were etched with 5% v/v
HCI for 3 min. After etching the samples were thaybly cleaned with de-ionised water and

followed by ultrasonication for 2 min.

The corresponding dentin and enamel regions werefully scrapped to remove some
fragments. These fragments were then ground todoweder using a ceramic mortar and
pestle. The fine powder was spread on a flat silie@fer and then exposed to the X-ray
beam of Mok radiation in the diffractometer (ARL™ X'TRA Powdd@iffractometer,
Thermo Fisher SCIENTIFIC) with a voltage of 45 k¥daa current of 40 mA, and a Si-Li
solid state detector to record the diffracted istign The specimens were then scanned
between thé range of 9-31with a sampling step of 0.85a counting time of 15 seconds,
and using a slit of 0.5 deg. In order to identiags, we used a PDF card 15-0876 [ibid] of
fluorapatite (Ca(PQy)sF, hexagonal).

2.2.3. Microindentation and Nanoindentation

We used both microindentation and nanoindentatesting because of their different
capabilities. Microindentation was used to estintage mechanical properties, primarily to
measure the fracture toughness because nanoindantatld not provide sufficiently long
enough crack that can be measured easily. Nandetd®en was used to capture regional
differences in terms of mechanical property mapainiy elastic modulus and hardness.
Microindentation experiments were performed usirgfjaandard CSM micro indenter with a
load application 200 mN and at a loading rate d¥ &IN/min. A standard Vickers indenter
was used for measuring the properties. The maxinapplied load for indentation was
chosen either by minimum detectable indentationr@sgion visible through the microscope
or a load that could make an indentation withosulteng in catastrophic cracking of the
sample surface. Poisson ratio of 0.31 was usecegtmating the modulus [31]. Scratch
experiments were performed using a maximum load antisible wear track was observed
on the specimen surface. Using these tests, the vedaviour of the samples was assessed
using depth of scratch. To determine the fractougliness of the teeth, the same samples
were indented using much higher load of 2 N atta cd 2000 mN/min to create fracture
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around the indentation region. In nanoindentatiqueements (using iNano, Nanomechanics,
Inc., USA), Berkovich indenter was used to perfangientations up to a maximum load of
30 mN which allowed us to find visible indentatioand at the rate of 1800 mN/min.

NanoBlitz3D software was used to map the crosgesedtsurface of the tooth samples.

We estimated the fracture toughness of materialsubiyng the measured mechanical
properties and the crack length dimensions usirg ithages post indentation. Fracture

toughnesg(;. was estimated using classical Lawn Evans Marshadlel [32, 33] :

we=a(f) (%)

where herexr = 0.016 (for quasi-brittle materials).

The largest crack was used to determine the crawgitthc (taken from the center of the
indentation impression to the crack tip, considgritne longest crack for a specific
indentation) for estimation of toughness, as shimithe reported images.

3. Results

3.1. X-ray microanalysisand X-ray diffraction

X-ray microanalysis was carried out both in thetoleand enamel regions to determine the
elemental composition qualitatively. Spectra fromese results showed that both regions
contained primarily calcium (Ca), potassium (P)ygen (O), carbon (C), silicon (Si) and
traces of fluorine (F), sodium (Na) (Figure 2A-Bhe gold peak comes from the sputter
coating used to make the surface conducting. iakly we found no significant

differences in the elements present in the teetheotwo species (Table 1).

Notably the amount of the silicon was significantygs than 1 wt% in both species. When
comparing the internal variations, we observed thatfluorine concentration was higher in
dentin region of the teeth (Table 2). On the cagir&la levels are higher in the enamel
region. We did not find significant variations ither trace elements such as Si. The Ca/P
ratio was ~2 in both regions and the only minofedénce observed between the two teeth
was a slightly higher wt% of fluorine and sodiummtants in theSarchosuchusooth (Table

2).
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195 Figure 2. Spectra from X-ray microanalysis showing the eletmepresent in different
196  regions of the specie8) Dentin regionB) Enamel region.

197 Table 1. Elemental composition of the teeth obtained fdomay microanalysis.

198

Suchomimustenerensis | Sarchosuchusimperator
Wt% At% Wt% At%
Oxygen 26.1+1.4 45.3+1.7 26.8+1.0| 45.4+1p
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
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Table 2. Elemental composition (at%) variation in dentirdanamel of the teeth obtained

from X-ray microanalysis.

Suchomimustenerensis Sarchosuchus imperator

Dentin Ename Dentin Ename

Ca/Pratio |2.0+0.1 1.9+0.5 1.9+0.4 1.9+0.4

X-ray powder diffraction technique was used to exanihe crystalline materials present in
the tooth regions. The majority of the significamtensity x-ray peaks from these
experiments primarily matched with fluorapatite giiie 3A-B) and all are comparable

(nearly identical) between samples.

| — Suchomimus | — Suchomimus
— Sarcosuchus | — Sarcosuchus
3 3
% o
T T
=< | || >
-,!_ﬂvU
10 12 14 16 18 20 22 24 26 28 10 12 14 16 18 20 22 24 26 28
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A. Dentin B.Enamel

Figure 3. Spectra from X-ray diffraction showing the peaksresponding to the fluorapatite

present in different regions of the speci&sDentin regionB) Enamel region.

3.2. Microstructure

Scanning electron microscopy highlighted microgticad similarities and differences in the
teeth. Dentin tubules were observed in both spdmés in axial and sagittal planes (Figure
4A and 5A).
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Dentin (sagittal plane)

Figure 4. Scanning electron micrographs $fichomimugooth internal microstructure. A)
Dentin tubules (white arrows). B) Dentin microstire in the axial plane. C) Dentin
microstructure in the sagittal plane. D) Wavy patiat the DEJ. E) Densely packed prismless
enamel crystallites and change in orientation (gvhites). F) Microstructure of the elongated

enamel crystallites.

The dentin crystallites in both teeth are simiéer,seen in the micrographs taken both in axial
and sagittal planes (Figure 4B-C and 5B-C). In bsfiecies, a clear demarcation was
observed at the DEJ (Figure 4D and 5D).SimchomimusDEJ appeared to have a wavy
nature, unlike irbarcocsuchugFigure 4D) The enamel region in tfeuchomimushows that

elongated prismless enamel crystallites were aewrig a curved path that is diverging
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(Figure 4D and 4E). I'sarcocsuchyssingle prismless enamel crystallites are simitar
those ofSuchomimusut the wavy pattern was not obser{&iyure 5E). In both species
prismless enamel crystallites are densely packégh khagnification electron micrographs
show that enamel crystallites spanned length soalé® orders tens of nanometres to that of

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

_Dentin (sag ittal plane)

Figure 5. Scanning electron micrographs $&rcosuchugooth internal microstructure. A)
Dentin tubules. B) Dentin microstructure in theadplane. C) Dentin microstructure in the
sagittal plane. D) Linear interface at DEJ. E) Bdynpacked prismless enamel crystallites. F)
Microstructure of the elongated prismless enamgdtatiites.
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3.3. Microindentation

Microindentation experiments were used to estiméteing modulus and hardness at
microscale. The depth of penetration in all theesgxpents was observed to be in the range
~1-2um. Results show the difference between mechbhproperties of the outer enamel
layer and the inner dentin layer. The elastic mesladnd hardness values were significantly
higher in the enamel region as compared to theirdeagion in Suchomimus tenerensis
while the difference was less significant$arcosuchus imperatoSuchomimusad lower
values of modulus (Dentin: 57+13, Enamel: 81+12 JGRad hardness (Dentin: 2.6+0.8,
Enamel: 4.5£2.7 GPa) in both regiorS8arcosuchudisplayed higher values of elastic
modulus (Dentin: 91+9, Enamel: 10311 GPa) and esd (Dentin: 6.1+0.4, Enamel:
6.7+1.2 GPa).

3.4. Nanoindentation

Nanoindentation experiments were used to map thyaepties in more detail with at least 200
indentations in each location. Indentation locatiavere selected to map the properties of
dentin, transition region, and enamel layer. Thapprty maps oSuchomimushow a clear
gradation of elastic modulus and hardness fromimdldayer to enamel layer, with a clear
demarcation at the interface (Figure 6A & C). Therage elastic modulus and hardness in
the dentin region were ~45 GPa and ~2.5 GPa, apam@ut to ~64 GPa and ~4 GPa in the
enamel region (Figure 6B & D). However, the propenaps ofSarcosuchuslid not show a
clear gradation of elastic modulus and hardnesm fdentin layer to enamel layer, as
compared toSuchomimugFigure 7A & C). InSarcosuchudooth, elastic modulus and
hardness in dentin region was ~85 GPa and ~3.8 &Raympared to ~95 GPa and ~4.5 GPa
in the enamel region respectively (Figure 7B & D)he depth of penetration in
nanoindentation experiments was in the range oD nm and the average values of
mechanical properties were slightly lesser (~5 @%) compared to microindentation

experiments.
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263 Figure 6. Suchomimus tenerensi@\) Elastic modulus mapping across the layers. B)
264  Corresponding elastic modulus values sorted ims t show the variation and percentages.
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3.5. Fracturetoughness

High load indentation experiments resulted in treck formation in both dentin and enamel
regions. InSuchomimughe observed damage was relatively less in therddamonstrating
higher toughness (Figure 8A). On the contrary, magons in enamel region showed
significant damage in terms of material chippingl &onger cracks (Figure 8C). A similar
observation was made Barcosuchugxcept for that the size of the propagated cracks i
dentin region was less prominent (Figure 8B and. &dacks in principle can propagate in
the both axial and sagittal planes but we limited study to cracks propagating in the axial
plane to investigate the role of DEJ. Fracture km&gs measurements showed that toughness
is higher in dentin region compared to enamel megio all the speciesSuchomimusad
tougher dentin (1.0+0.2 MA®"?) and enamel materials (0.5+0.1 MR4?) (Table 3).

Suchomimus

Sarcosuchus

10 um

B. D.

Figure 8. Indentations showing fracture behaviour of teétbd lines: crack lengths
measurements). A-B) feeble cracks extending fromners of indentations. C-D) Brittle

fracture of enamel surface around the indentati@hdeflection of crack at the interface.

Scanning electron microscope images were captuosa the indentation region to examine
fracture surface more clearly from high load fraetexperiments. Cracks generated in the
dentin region were much smaller and there was rtemaaremoval from surrounding region
of the indentation region (Figure 9A-B). In additjccracks propagated in dentin region of

Suchomimusvere smaller and feeble as compared to the desgions ofSarcosuchusAll
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the indentations in enamel region resulted in etdr& with the removal of material from the
adjacent region to indentation location as sedfigare (9 C-D).

Dentin Enamel

Suchomimus

Sarcosuchus

Figure 9. Scanning electron micrographs of indentation®)A~eeble cracks extending from
the end of indentation in dentin regions. C-D) @ifracture of enamel surface around the
region of indentation showing removal of maternabll the species.

An additional set of indentations were performeakel to dental enamel junction (DEJ) for
examining crack propagation from enamel to denfinis observation closely mimics the
general loading conditions of teeth where streggeigerated on the outer surface of enamel
during contact with diet or particulate matter eliied to the diet. Thus, we performed
indentation fracture experiments in enamel regiothe proximity of DEJ to observe crack
propagation behaviour through DEJ. In all the tosdimples, cracks appeared to propagate
towards DEJ but partially deflected as they apguedcthe junction without entering deep
into the dentin region (Figure 10 A-B). In the emmegion the damage appeared to be more

in terms of material removal due to brittle fraetur
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Enamel 10 um

A. Suchomimus B. Sarcosuchus

Figure 10. Optical micrographs of indentations near the f&en line) showing the
fracture behaviour of the teeth. Chipping of matlefrom enamel region due to brittle
fracture is observed in the tested sampdds Suchomimus tenerensB) Sarcosuchus

imperator.

Table 3. Fracture toughness values of dentin and enam&n®dgrom microindentation

experiments.

Sample Layer Number of Fracture
Indentations toughness
(MPa:m"?)

Suchomimus tenerensis Enamel 4 0.5+0.1
Dentin 4 0.910.1

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

3.6. Scratch testing

Scratch test results are presented using scratshddce image and indenter penetration
depth. InSuchomimusghe scratched surfaces clearly show less weauter enamel layer as
compared to the inner dentin layer (Figure 11A)isTwas supported by the scratch depth
results with less penetration in outer layers. @a tontrary, the scratched surface of
Sarcosuchusooth did not show a significant difference between deamnd enamel layer, as
seen from the scratch depth profile (Figure 11B)e Tverall difference in wear depths
between dentin and enamel regions is relativelydrign SuchomimugFigure 9C-D). We
presented the values of coefficient of frictionydreess and fracture toughng3sble4), to

investigate their role on the scratch resistané® doefficients of friction were observed to



326 be almost similar in both the cases, which areibatied to same sample preparation
327 technique resulting in similar surface roughnedses The hardness values were higher in
328 enamel region as compared to dentin regioBushomimuysalso supported by the observed

329  higher penetration depths in the scratch tests.

0 00 02 03 04 05
A. Suchomimus . Distance{mm)

a 005 00 035 0.2 025 03
Distance(rmm)

330 B. Sarcosuchus D.

331 Figure 11. A-B) Wear tracks (bright lines) produced on podéid sections through different
332 layers after scratching through a distance of 0.5mBuchomimus tenerensasd 0.3 mm in
333 crocodile Sarcosuchus imperatolas denoted by the black lines. C-D) Penetratieptits

334 from the scratch experiment on the correspondiaetht@pplied normal force ~ 2 N).

335 Table4. Scratch depth related properties (average values)

Dentin Enamel
o Fracture o Fracture
Friction | Hardness touch Friction | Hardness touch
oughness oughness
Sample | oetticient | (GPa) I | coefficient | (GPa) e
(MPam™) (MPam™)
Suchomimus 0.086 2.6 0.91 0.086 4.5 0.50
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tenerensis

Sarcosuchus o 082 6.1 0.59 0.082 6.7 0.27
imperator

4. Discussion

X-ray diffraction and microanalysis results showvattlihe teeth are mainly composed of
fluorapatite, confirming previous studies in shogvithat hydroxyapatite is converted to
fluorapatite during the diagenesis [34]. The flneripeak in the X-ray micro-analysis is
coming from the fluorapatite. Furthermore, the x-thffraction peaks are similar to those
found in an earlier study on fossilized dinosaethd35]. The small differences in diffraction
peaks can be attributed to the presence of vargmgunts of incorporated ions such as
sodium and carbonate in the apatite lattice [36f measured hardnessSifchomimusooth

is in the same range of the herbivorous dino3aizeratops(Dentin: 3.1 - 5.3 GPa, Enamel:
5.6 GPa) [37], and the retrieved tooth hardnesSasthosuchusooth is higher (~5 times in
dentin region and ~2 times in enamel region) theaat of the extant salt water crocodile
Crocodylus porosugDentin: ~0.6 GPa, Enamel: ~3.15 GPa), determjBéfusing Vickers
hardness test. The higher mechanical propertidessil teeth, as compared to living teeth,

can be attributed to increased mineralization.

A clear gradation was observed in the modulus andrfess oSuchomimusooth, unlike in
SarcosuchusThe increased presence of fluorine in the derggion as compared to the
enamel ofSarchosuchusan be a contributing factor. Similar trend waserked in the
scratch test, wittsuchomimusooth showing difference in the enamel and dentiriike in
SarcosuchusDespite these differences in the gradation ofnieehanical properties, crack
deflection at the DEJ was observed in both theispe€his can be attributed to the change of
microstructure at the interface when the crackragpagating from enamel to dentin region.
Also, the material removal during enamel fractuppesars to be more in the direction of the
enamel crystallite orientation. This is because ¢heck propagation is easier along the
joining interface of enamel crystallites.

We note that the toughness values of the two fasdilspecies were similar to the values of
living human tooth dentin ~1.79 Mal”® [38], elephant tusk, 1.6-2.6 M#i&’? [39], and

mammal enamels, 0.7-1.06 MR&? [40]. We therefore infer that the toughness of the
studied teeth when they were alive must have begreh because the process of diagenetic

mineralization increases the hardness and theesulting in reduced toughness. Also, from
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a microstructural perspective, the enamel crységtlattern differences in both the teeth could
contribute to the observed differences in mechanpraperties. In both the species,
discontinuities in the prismless enamel patternewaserved, as reported in other studies
[41,42]. In Suchomimusthe enamel pattern appeared to diverge an&archosuchust
appeared to be parallel type of crystallite, azdlesd in an earlier study [43]. Experiments
performed on bovine teeth showed that crack angsiccurs in DEJ only when the crack
initiation takes place in enamel region [44]. Otkardies [45] discussed the importance of
the region between DEJ and dentin, the inter-glbpbrous space (IGS), in crack deflection

and energy absorption during crack propagation. [44]

Suchomimugeeth had lower modulus when compared @#rcosuchusshowing that they
are less stiff. They are also more prone to weabasrved in the scratch test and the lower
value of hardness to modulus ratio, but displayetleb toughness characteristics. On the
contrary Sarcosuchugeeth are more “rigid” as they deform less; theg also harder to
scratch, but could fracture more easily. Althougk tarity of the investigated specimens
prevents conducting the destructive tests performethis study on a larger number of
samples, the results obtained can be used to nmke mferences on the teeth of the two
species in the living conditiolsuchomimus tenerensigs the most common large theropod
in the Gadoufaoua fauna, with a snout of aboutr@Cand body length of ca. 11 m [18]. In
this species the teeth show fine wrinkling of timarael [18, 46] and are deep-rooted teeth,
ideal for resisting large dorso-ventrally orienthteiting forces and dissipation of energy
through the skull [47].Sarchosuchus imperatora pholidosaurid crocodylomorph, was
another long-snoutegiant predator in the Gadoufaoua fauna [24,48]hVeitsnout of about
70 cm, and a total body length of ca. 123archosuchusad smooth and sturdy-crowned
conical-round teeth, ideal for resisting large eopesterior stress, more than on the
mediolateral, and a generalized diet which wouldehacluded large terrestrial prey such as
dinosaurs [23, 49,50]ts snout was compressed dorso-ventrally, rathem thedio-laterally
as in spinosaurids, but the overall mechanical gntggs of the snout isarchosuchusre
more similar to those of theropods than those bkmtrocodilians, possibly because of
similar diets [50]. Given these similarities, itptausible to hypothesize that the respective
ecological niches dbuchomimuandSarchosuchusiould have overlapped.

Our results might suggest tHatichomimusndSarcosuchusised different strategies to cope
with their dietary needsSuchomimuseeth dispersed the energy of the bites by defagmin

and wearing much easily, but this allowed the teetHracture less frequently. On the
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contrary, during lifetimeSarcosuchuseethwere extremely effective and relatively sharper
given their higher modulus and hardness. Howevagatietic differential alteration of the

two teeth cannot be excluded without a better wtdeding of the processes involved.
During diagenesis, alterations can occur at diffefength scales and recrystallization, partial
dissolution, uptake of trace elements, erosion, @rahges in porosity are in all expected to
occur. With scarce knowledge on the amount of tedlements present in the modern reptile
skeletal parts makes the interpretation difficlBtl]] In our study, using the observed
elemental (Ca, F, Na) composition, we tried to cantron the taphonomic process. Earlier
studies suggested that fluorine can also be used aseans of dating fossils and in

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

comparison between the modern and fossilized higjaopus, showed increased levels of
fluorine in the fossilized dentin as compared te thodern one [53]. High degree of

diagenesis can also be attributed to the levetodium also [54], but we have not observed
any significantly higher levels as compared to ¢&ant crocodile. Calcium concentrations
appear to have reached a saturated value as tleeeena significant differences between the
dentin and enamel regions, and also between betlkpacies (Table 1). Fluorine content in
the bone tissue that had undergone diagenesishett&om dating technique is estimated as

a function [55]:
F=f(SP,K, H, T) Q)

where, SP = skeletal part from the tissue part asvdd, K = composition of burial
environment, H = hydrology of the burial environhemd T = temporal duration of the
exposure. We compared our results with that ofetkiant crocodile teeth having fluorine
content of 0.06 and 0.09 (Table 5), in dentin andnamel respectively [56]. We considered
these values as a reference for fluorine levelbving archosaurs and thus estimated the
amount of fluorine incorporated in enamel and derggions (Table 5). Because the samples
were from the same skeletal part and deposits, stwaed environment and are exposed to
same time scales, we can attribute observed fleadifferences to the microstructure and

permeability, in agreement with an earlier stud4j[5

Table 5. Average values of elemental composition and meachbproperties for comparison
between the fossilized specimens and the extanodiie.

Suchomimus tenerens|s Sarcosuchus imperatorocodylus porosus

\"2J
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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 2&3
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

Modulus values of fossilized mammalian long borresifan age of 1 Ma to 50 Ma (Million
years ago) ranged from 35.0 to 89.1 GPa, respégtiead the increased modulus is
attributed to the likely presence of calcium pha@phwith trace elements [58]. This is
agreement with our observed higher mechanical ptiege In principle, the Young's
modulus of fluorapatite can reach a maximum of 9645Pa and a Vickers hardness of 5.58
GPa [59]. The estimated hardness and elastic medfligeological Durango fluorapatite
were found to be 5.1+1.3 GPa and 119 GPa, respdc{i0].

5. Conclusions

Our study provides a first characterization of thesilized teeth mechanical properties in a
spinosaurid dinosau§uchomimus tenerensend an extinct pholidosaurid crocodylomorph,
Sarchosuchus imperatoMechanical gradients were highlighted between éhamel and
dentin regions irBuchomimus tenerensighen elastic modulus, hardness, and wear of tooth
were tested. In contrast, less significant diffeeeim elastic modulus, hardness, and wear was
measured irbarchosuchus imperatorteoth. Overall,Suchomimugeeth were found to be
less stiff (lower modulus), more prone to wear, imaire tough, as compared3$arcosuchus
These results can contribute to the understanditigie was any niche partitioning between
two potential predatory competitors. However, muchilstmknown concerning the changes
underwent by organic material during digenesis mglat present impossible to definitely
conclude if the differences in the mechanical proge of Suchomimusand Sarchosuchus
retrieved are the evidence of a real biologicahaigand therefore of imply that the two
species adopted different strategies when dealitiy fwod processing, or are the result of

disparate taphonomic histories.
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