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Abstract: Elephant tusks are composed of dentin or ivory, a hierarchical and composite biological material made
of mineralized collagen fibers (MCF). The specific arrangement of the MCF is believed to be responsible for the
optical and mechanical properties of the tusks. Especially the MCF organization likely contributes to the
formation of the bright and dark checkerboard pattern observed on polished sections of tusks (Schreger pattern).
Yet, the precise structural origin of this optical motif is still controversial. We hereby address this issue using
complementary analytical methods (small and wide angle X-ray scattering, cross-polarized light microscopy and
scanning electron microscopy) on elephant ivory samples and show that MCF orientation in ivory varies from
the outer to the inner part of the tusk. An external cohesive layer of MCF with fiber direction perpendicular to
the tusk axis wraps the mid-dentin region, where the MCF are oriented mainly along the tusk axis and arranged
in a plywood-like structure with fiber orientations oscillating in a narrow angular range. This particular
oscillating-plywood structure of the MCF and the birefringent properties of the collagen fibers, likely contribute
to the emergence of the Schreger pattern, one of the most intriguing macroscopic optical patterns observed in
mineralized tissues and of great importance for authentication issues in archeology and forensic sciences.

Keywords: Elephant ivory, mineralized collagen fibers, oscillated-plywood structure, small and wide angle X-
ray scattering, cross-polarized light microscopy, scanning electron microscopy.



Introduction.

Elephantoidea (elephant and mammoth) tusk dentin or ivory is a valuable biological material, which has been
shaped since prehistoric times into precious artefacts taking advantage of its aesthetic properties (fineness of
grain, luster and tactile appeal once polished) [1-4]. Ivory was preferentially used for the production of high-
value and symbolic objects (figurines, beads, ornaments, efc.) [2, 4-6] whereas bone and antler were preferred
for the production of utilitarian tools and weapons [1, 7]. Understanding the technological processes developed
by past societies to manufacture precious object from ivory is therefore the focus of many researches, especially
relevant for art, archaeology and the art market. In order to do so, the specific patterns of fracture in
Elephantoidea ivory and its unique macroscopic optical motif, the Schreger pattern [8], are used as diagnostic
characteristics to identify ivory among the osseous industry materials at archeological sites and among art
objects. On transverse sections (perpendicular to the tusk axis) of Elephantoidea tusks, the Schreger pattern
consists of an arrangement of staggered bright and dark rhomboids (~0.5 x 0.5 mm?) that leads to the emergence
of the Schreger lines that radiate clockwise and anti-clockwise from the tusk axis (Fig.1 A). Despite its great
importance, the structural origin of the motif is still controversial and the physical phenomenon responsible for
the black and white contrast of the pattern is unknown.

Elephant tusks are upper incisors, which initial teeth functions (mastication, cutting, gnawing) were lost to the
benefit of other purposes: digging, carrying heavy load and fighting [9]. Therefore, elephant tusks are subjected
to mechanical forces more similar to those experienced by bones (bending or/and bearing load [10, 11]) and
antlers (bending and impact load [12]) than by most teeth (compression [13]). Elephant ivory is thus a biological
material close to teeth dentin, bones and antlers in terms of mechanical properties and hence, in terms of
chemical and structural characteristics. Indeed, at the micro-level, elephant dentin retains a tubular network as in
teeth and exhibits a similar arrangement of the mineralized collagen fibers (MCF) to this of lamellar bones.

Many studies attribute the formation of the Schreger pattern to the 3D arrangement of the dentinal tubules [14-
17], which are remaining evidences of the odontoblast cell path during ivory growth as well as during
dentinogenesis [18]. However, the Schreger pattern could also result from specific orientation of the MCF as
suggested by [19].

The MCF network is described in terms of the MCF orientations, which refers to the orientation of the long axis
of the MCF in three-dimension. In lamellar bones (main tissue type of mammal bones), layers of parallel MCF
are staggered in a plywood-like arrangement [20]. Each MCF layer has a distinct orientation and is tilted with
respect to the next layer either continuously (twisted-plywood [21], oscillating-plywood [22]) or discretely
(orthogonal-plywood [23], asymmetrical rotated-plywood [20], helical plywood [24]) (for review see [25]). In
ivory, the MCF were proposed to arrange in a rotated-plywood like structure [19] with two orthogonal axes of
rotation oriented along a set of intersecting ridges radiating respectively clockwise and anti-clockwise from the
tusk axis [19] (see Supplementary Appendix B Fig. 1 for a scheme of the model proposed in [19]). This complex
arrangement was suggested to be at the origin of the Schreger lines.

Finally, at the nanoscale, ivory is composed of staggered collagen molecules and Mg-rich carbonated
hydroxyapatite nano-crystals (Mg-carb-HAP) constituting the mineralized fibrils that are together arranged into
the MCF [19, 26-29]. As for many other biological materials [10, 30-34], the mechanical properties of elephant
ivory [27, 35-37] originate from its nano-composite nature and hierarchical structure from macro- down to
nanoscale.

In this paper, we revisit the structural arrangement of MCF in elephant tusk dentin (ivory), which may contribute
to both the mechanical properties of tusks [27, 35] and the formation of the unique Schreger pattern of
Elephantoidea ivory [19]. Using a multimodal analytical approach, well established for the study of MCF in
biological tissues [11, 13, 24, 38-40], we investigated the MCF arrangement of elephant ivory within a volume



of dentin from cement to pulp (Fig. 1. B). Small- and wide-angle X-ray scattering (SAXS/WAXS) measurements
and cross-polarized light microscopy (CPL) observations respectively allowed quantifying the degree of
organization and the orientation of the MCF and relating the Schreger pattern to the MCF orientation.
Additionally scanning electron microscopy (SEM) was performed. A 3D model of the MCF network is proposed
and the structure-properties relationships are further discussed in terms of optical (origin of the Schreger pattern)
and mechanical properties.
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Fig.1: Schreger pattern and system of reference.
A) Polished transverse section of an elephant tusk showing the checkerboard Schreger pattern with the system of reference
indicated: the longitudinal (L), tangential (T), radial (R) and Schreger (S) axis and B) scheme in 3D of the four studied
planes: the transverse (RT), longitudinal (RL), tangential (TL) and Schreger (SL) planes.

Methods.

Material: Two tusks obtained from customs seizures and identified as originating from African elephants
(Loxodonta africana) were studied. The system of reference used in this paper considers the longitudinal (RL),
transverse (RT), tangential (TL) and Schreger (SL) planes (Fig. 1). This coordinate system can be related to both
the ivory growth direction and the macroscopic Schreger pattern. Indeed, elephant tusk has a conical growth, in
two directions: radial and longitudinal. Therefore, the longitudinal (L) axis (tusk axis) refers to the longitudinal
growth, the radial (R) axis relates to the radial growth and the tangential (TL) plane to the mineralization growth
plane. In addition, the (R) and (T) directions are perpendicular to the rhomboids of the checkerboard pattern and
the S direction is diagonal to them (Fig. 1). The three main parts of the tusk: the dentin, the cement and the
internal canal (the pulp cavity) are indicated on the (RT) cross-section of Fig. 1A, on which the checkerboard
pattern and the associated Schreger lines are observed.

Sample preparation: Sections (200 um thick) of the elephant tusks were cut with a diamond saw (Leica
SP1600 saw microtome) using water as lubricant. For SAXS measurements, thick sections were reduced down
to 70 um in thickness by grinding (SiC 2000, 10 pm, Logitech PM5 Precision Lapping and Polishing machine).
For cross-polarized light (CPL) observations, the thin sections were demineralized in order to eliminate the
apatite birefringence and screen the CF orientation only. They were demineralized in 0.5 M ethylene diamine
tetra-acetic acid (EDTA) adjusted to pH 7.4 by NaOH during two weeks at 25°C under agitation on a rocking
table (see Appendix A for the proof of efficient removal of the crystals). Crossed PL observations were made on
rehydrated thin sections. Fractured sections were obtained and carbon-coated by vacuum evaporation (SCD 004,
Balzers, Lichtenstein) prior to SEM examinations.



Small- and wide- angle X-ray scattering experiments. Small- and wide- angle X-ray scattering
(SAXS/WAXS) experiments were performed at the mySpot beamline at the BESSY II synchrotron radiation
facility (HZB, Helmholtz-Zentrum Berlin fiir Materialien und Energie, Berlin, Germany). The wavelength was
0.826 A (energy of 15 keV), the beam was 30 pm in diameter and the scattering patterns were collected on a 2D
detector (MARCCD 225, marusa, Evanston) with 73.242 x 73.242 um’ pixel size and 3072 x 3072 pixels. The
sample-detector distance was 0.310 m, the exposure time, 10 s per scan point and the scan step, 100 pm.
Measurements were calibrated using crystalline silver behenate powder. Data analyses were done with the
software Fit2D [41] and Autofit, custom-made software (Max Planck Institute of Colloids and Interfaces,
Potsdam, Germany). The so-called p-parameter was calculated (see Appendix A for more details). It describes
the degree of alignment of the mineral particles i.e. the percentage of Mg-carb-HAP crystals presenting the same
orientation in the analyzed volume [42, 43]. Where the mineral particles were sufficiently organized (p> 40%),
the preferred orientation y,, of their c-axis was also calculated (see Appendix A for more details). The degree of
organization and the orientation of the c-axis of the Mg-carb-HAP crystals respectively relate to the CF
organization and orientation because the long axis of the CF is approximately parallel to the Mg-carb-HAP c-
axis [26, 28].

Cross-polarized light microscopy: Samples were observed by cross-polarized light microscopy (CPL, DM
RXAZ2 Leica, Bensheim, Germany, with an air objective 2.5x numerical aperture of 0.07), in which the polarizer
and analyzer were fixed perpendicularly to each other. The microscope’s goniometric stage allows rotation of the
specimen with respect to the crossed polarizer and analyzer (for more details see Appendix A).

Scanning electron microscopy: A digital scanning electron microscope (SEM, DSM 962, Zeiss, Oberkochen,
Germany) was used for the observations of fractured sections with the secondary electron mode in order to
provide topographic contrast. The SEM was set to an accelerating voltage of 20 keV and a working distance of
10 mm was used.

Results.

Small- and wide-angle X-ray scattering

Aver aged signals from cement to pulp: Fig.2 A shows the averaged SAXS/WAXS 2D pattern of the (RL) plane
profile of the mid-dentin from R=5 to 20 mm. It presents the characteristic (002) reflection of the Mg-carb-HAP
crystals c-axis (at ¢ = 18.4 nm™), the SAXS signal of the Mg-carb-HAP particles and the signal from the spacing
between dry collagen molecules (at g= 5.5 nm™) [44] (Fig. 2A. and Appendix B Fig. 2A). The latter presents the
same azimuthal intensity distribution than the one of the Mg-carb-HAP crystals confirming that the c-axis of the
Mg-carb-HAP particles is aligned along the collagen molecules axis. Therefore, we now refer to the orientation
of the long axis of the MCF. On average, MCF are less organized in the (RT) plane than in the (RL) one with
mean p-values of 20 + 8% and 49 + 9%, respectively.

SAXS/WAXS profiles from cement to pulp: SAXS/WAXS profiles of the (RL) and (RT) planes were measured
from cement (R=0 mm) to pulp (R=25 mm) (Fig. 2). The SAXS and WAXS profiles respectively allow the
determination of the MCF organization (p-parameter) and orientation (ym.x-angle) from cement to pulp (see
Appendix A for more details). The p-profile of the (RL) plane is compared with the one of the (RT) plane in Fig.
2 B. The p-profile of the (RL) plane shows three distinct regions: 1) p increases close to the cement, 2) it reaches
a plateau in the mid-dentin and 3) it decreases close to the pulp. In the mid-dentin, the p-profile presents periodic
oscillations that were further characterized by discrete Fourier transform in order to determine the period of the
oscillations. The period is of 1.1 mm (Appendix B Fig. 3). In the (RT) plane, the p-values are quite low and
spread in the mid-dentin but increase up to 60% close to the cement. Moreover, MCF orientations, Ymax, Were
determined (see Appendix A) where MCF are organized (p >40%), i.e. in the (RT) plane close to the cement and
in the (RL) plane in the mid-dentin. For the (RT) plane close to the cement (from 2.6 to 3 mm from the cement),



YmaxrT), Which is the projected angle between the MCF long axis and the (T) axis is, on average, 50 + 6° (see
Appendix A). For the (RL) plane, ymaxry) is the projected angle between the MCF axis and the tusk axis and
varies between -5° and 5° (Fig. 2C, 2D). The ymaxrr)-profile of the mid-dentin also shows periodic oscillations
with a period of 1.1 mm (Appendix B Fig. 3).
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Fig. 2. Degree of organization and orientation of the MCF from cement to pulp.
A) Averaged SAXS/WAXS 2D pattern of the (RL) plane profile from R=5 to 20 mm showing the typical (002) reflection of
the Mg-carb-HAP particles indicative of the projection in the (RL) plane of the orientation of their c-axis (c-axisg;) and the
spacing of the collagen molecules (arrows), B) p-profiles from cement to pulp of the (RL) plane (black circle) and the (RT)
plane (grey triangle), C) scheme representing the angle Ymaxrw) and (rT) With respect to the (L) and (T) axis and D) Ymaxrr)-
profile of the mid-dentin from 5 to 20 mm.

M acroscopic optical properties

All mineralized thick sections and demineralized thin sections exhibit the Schreger pattern, i.e. alternating bright
and dark features (Figure 3). In the (RT) plane, it consists of the checkerboard pattern composed of rhomboids of
about ~0.5 x 0.5 mm” (Fig. 3A) whereas in the (RL) plane, bright and dark bands of about 0.5 mm width are
observed (Fig. 3B and Appendix B Fig. 4A).

The demineralized thin section of the (RT) plane (Fig. 3A right) used for CPL observations (see 3.3) better
shows the clockwise Schreger lines rather than the rhomboids where bright and dark lines repeat every 1 to 1.3
mm. The thin (RL) section used for SAXS/WAXS measurements and afterwards for CPL observations once
demineralized, shows bright and dark bands that vary in width from cement (0.5 mm) to pulp (0.25 mm) (Fig.
3B) because this section was not cut exactly along the R axis (perpendicular to the rhomboids) otherwise the
bands have a constant width from cement to pulp (Appendix B Fig. 4A).

Sections cut along the (SL) and (TL) planes also show alternating bright and dark bands that are sometimes
branched. However, the contrast between dark and bright bands is much weaker than this observed for the (RT)
and (RL) planes and can be better observed by transmitted light of demineralized thin sections (Appendix B Fig.
4B and C).



Furthermore, depending on the inclination of the mineralized sections with respect to an unpolarized light
source, bright and dark features turn respectively dark and bright (example is given for the (RL) plane in Fig. 3B
and C). This phenomenon is also seen on demineralized thin sections (example is given for the (RL) plane Fig.
3D) where bright and dark features turn respectively dark and bright via an intermediate state, which shows
bright signal at the boarder of every feature

A

Fig.3: Schreger pattern. Mineralized thick sections observed in reflected light (colored images) and demineralized thin
sections observed in transmitted light (grey scale images) of A) the (RT) plane and B-D) the (RL) plane. Effect of the
inclination of the sections with respect to the light on the interchanging Schreger pattern for mineralized thick section (a
black dot is indicated on a Schreger band, which is bright in top B) and dark in C)) and D) higher magnification of the
demineralized thin section of B) for three different inclinations (the black triangle is a defect that helps to better appreciate
the changes of the pattern).

Cross-polarized light microscopy

Demineralized samples were observed under CPL at various angles with respect to the crossed polarizer and
analyzer.

The (RL) section oriented at 45° to the crossed polarizer and analyzer shows strong bright thin lines (~150 um)
between the Schreger bands (Fig. 4A) indicating CF long axes lying in the plane of the section and oriented
either at 0° or 90° to the tusk axis (L) (see Appendix A for more details). According to our SAXS results, we can
rule out the possibility that MCF are perpendicular to the tusk axis. Therefore, CF at the junction between
Schreger bands are mainly aligned with the tusk axis. Within the Schreger bands, a darker signal is observed
indicating that CF are oblique or/and out of the plane of the section. When oriented at 0° (Fig. 4B), the (RL)
section shows a weak bright signal in the Schreger bands revealing that CF are oblique to the tusk axis and might
also be out of the section plane. This relates to the darker signals observed in the middle of the bands when the
sample was oriented at 45°. Intermediate orientations of the (RL) section (+5°, -5°) show alternating extinct dark
and illuminated bright bands that are located where the Schreger bands are. Extinct and illuminated bands
respectively become illuminated and extinct from one orientation (Fig. 4C) to the other (and Fig. 4D). This
indicates that inclined CF at +5° or -5° to the tusk axis are present in the Schreger bands, and their orientation
varies between bright and dark bands from +5° to -5°. Moreover, a wavy pattern appears perpendicularly to the
tusk axis for the section oriented at 0° and +/-5°.

Higher magnifications of the section oriented at 0° reveal that the wavy pattern of the CF follows the tubule path
(Fig. 5A). In a previous study [17], we provided evidence that tubules are helical and that the main axis of the
helix is nearly perpendicular to the tusk axis (L). Once sectioned in the (RL) plane, several helical tubules are
therefore seen as interrupted lines of different length having a sinusoidal trend represented by the dashed yellow
line in Fig. 5A.



Higher magnifications of the section oriented at 45° shows that the longitudinal CF are located on the crest and
the trough of the sinusoidal trend (Fig. 5B). Finally, the above CF orientations were observed from cement to
pulp (Appendix B Fig. 5A).

The (SL) and (TL) planes also show a banded pattern (Fig. 4E-L). Sections oriented at 0° present grey bands
separated by dark lines that turns bright when samples are oriented at 45° corresponding to the previously
identified longitudinal CF at the junction between the Schreger bands. The grey bands turn interchangeably
bright or dark at +/-15° revealing CF oriented at +/-15° of the tusk axis. Introducing a A plate at 45° between the
polarizer and analyzer leads to the appearance of alternating orange and blue bands that confirm the presence of
tilted CF in each bands (+/-15°) with their orientation changing from one band to the next (Appendix B Fig. 5B).
Higher magnification of the (TL) plane shows tubular cross-sections perpendicular to the main axis of the helical
tubules therefore seen as ellipsoids (Fig. 5C). In the (SL) plane, tubules are cut obliquely to their main axis and
due to their helical path appear either as ellipsoids or interrupted lines having a sinusoidal trend (Fig. 5D).

In all orientations of the (RT) plane, dark thin lines are observed between the features of the Schreger pattern
revealing CF perpendicular to the section and corresponding to the longitudinally oriented CF (Fig. 4M-P). Here,
the contrast between extinct and illuminated areas is smaller than this of the other planes and the exchange
between both domains occurs at +/-10°.
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Fig.4: Orientation of the MCF in the mid-dentin. Cross-polarized liéht of the demineralized (RL) section oriented at A) 45°,
B) 0°, C) +5°, D) -5°, of the (SL) Schreger plane oriented at E) 45°, F) 0°, G) +15°, H) -15°, of the (TL) tangential plane
oriented at I) 45°, J) 0°, K) +15°, L) —15° and of the transverse plane oriented at M) 45°, N) 0°, O) +10°, P) -10°.
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Fig.5: Relation between tubules and MCF orientation. Higher magnification images of the cross-polarized light of the (RL)
longitudinal plane oriented at A) 0° and B) 45°, C) of the (TL) plane at 45° and D) of the (SL) plane at at 45°. The yellow
dashed line represents the sinusoidal trend observed when several helical tubules are sectioned in the (RL) plane resulting in
interrupted lines.

Scanning electron microscopy

Fractured elephant dentin surfaces along different planes were observed under SEM in order to reveal the MCF
matrix organization (Fig. 6).

Fractures along the (RT) plane present oblique surfaces forming intercrossing ridges (Fig. 6A). Mineralized CF
presenting a lamellar structure perpendicular to one tubule (yellow arrow) were identified (Fig. 6E).

Fractured sections along (RL) planes in the mid-dentin (Fig. 6B) are smoother than those of the (RT) plane, but
rougher than those of the (TL) plane. The high magnification shows MCF oriented mainly parallel to the tusk
axis and perpendicular to tubules (Fig. 6F). However, in some cases, a 2um thick layer called peritubular dentine
is observed around the tubules, where MCF appear to be parallel to the tubule long axis (Fig. 6F).

Fractures along (TL) planes reveal smooth surfaces indicating that MCF lie parallel to this plane (Fig. 6C).
Interestingly, we note that MCF orientations in the (TL) plane vary from cement to pulp. Higher magnification
of a fractured (TL) plane of the mid-dentin reveals MCF preferentially oriented within the plane (Fig. 6G)
whereas close to the pulp, MCF are randomly distributed around the tubules (Appendix B Fig. 6). This is
supported by SAXS measurements of (TL) planes in the mid-dentin and close to the pulp (Appendix B Fig. 6).
When the impact of the fracture is directed perpendicular to the (RT) plane and close to the cement, the fracture
tends to follow the Schreger rhomboids (Appendix B Fig. 7). A fracture along the (SL) plane is thus obtained
where an arced pattern is observed with arcs of about 1 mm long (Fig. 6. D). The junction between the arcs
corresponds to the corner of the thomboids of the Schreger pattern seen in the (RT) plane (Appendix B Fig. 7).
Higher magnification of this plane shows ellipsoid or elongated tubular cross sections with MCF distributed
around them very similarly than in the tangential plane (Fig. 6H).
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Fig.6: SEM micrographs of fractured sections of elephant dentin. The fractures are shown along: A) (*) the (RT) plane,
revealing two sets of radially-distributed ridges interweaving into a network oblique to the (RT) plane, B) the (RL) plane, C)
the (TL) plane, D) the (SL) plane close to the cement. Magnifications of E)- H) are high magnifications of the (RT), (RL),
(TL) and (SL) planes. Yellow arrows indicate the orientation of tubules.

Discussion.

Three-dimensional M CF organization in elephant ivory from cement to pulp

By measuring SAXS/WAXS profiles of the longitudinal planes from cement to pulp of elephant ivory, we
showed that MCF are mainly oriented along the tusk axis leading to a degree of organization higher for the (RL)
longitudinal plane (p=50%) than for the (RT) transverse plane (p=20%). This was confirmed by SEM
observations and is in accordance with previous studies [27, 36].

Our work additionally evidences some variations of the MCF orientation from cement to pulp. Close to the
cement, MCF are lying in the (RT) plane and are oriented along the cement line while close to the pulp, p
reaches similar values in both (RL) and (RT) planes (~30% respectively), suggesting that MCF are inclined to
both planes (of about 45°).

The orientation of the CF in the mid-dentin and its relation to the Schreger pattern as well as to the tubules were
further characterized by CPL in four different planes. In general, all planes oriented along the tusk axis ((RL),
(TL) and (SL) planes)) showed a banded pattern that corresponds to the Schreger bands. The banded pattern
consists of CF inclined to the tusk axis (L) in each band and CF aligned with (L) at the junction between bands
(every ~0.5 mm) (Fig. 7A). Moreover, juxtaposed bands present opposite orientations with respect to (L) (+/-5°
for the (RL) plane and +/-15° for the (TL) plane) (Fig. 7B). These planes are intersecting, implying that an
inclination of the fibers of +/-15° in the (TL) plane results in fibers out of the (RL) plane of this same angle and
vice-versa (in the (TL) plane, fibers are out of plane of +/-5°).

The periodic oscillations of the MCF orientation (from ~ -5° to 5° to the (L) axis with T/2 = ~ 0.5 mm)
determined by SAXS/WAXS in the mid-dentin of the (RL) plane are in agreement with the CPL observations.
Together, these results suggest that, within two juxtaposed bands of the banded pattern and therefore of the
Schreger pattern, CF oscillate back and forth from Ymaxrr) and Ymaxcry = 0° (fiber (1) in Fig. 7 A) to a maximum
Of Ymaxrr) = -5° and Ymaxcrry = -15° (fiber (2) in Fig. 7A) in one band and from Ymaxrr) and Ymaxcrry = 0° (fiber (3)
in Fig. 7A) t0 Ymaxrr) = 5° and Ymaxcrry = 15° (fiber (4) in Fig. 7A) in the next band.



Therefore, MCF in elephant ivory are arranged in a narrow oscillating-plywood like structure with a maximal
oscillation of 15° (+ or - from the tusk axis) around the (R) direction and of 5° (+ or - from the tusk axis) around
the (T) direction. The proposed model is also supported by our SEM observations, which showed lamellar
structure of the MCF in the transverse plane.
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Fig.7: Model of the MCF in the mid-dentin of elephant tusks. A) 3D orientation of the MCF with the angles of the
oscillating-plywood (Ymaxrr) and Ymax(r)) indicated for 5 fibers, B) view in the three orthogonal plane (RL, TL and RT plane
and C) relation of MCF orientation to one helical tubule (blue), where the position of the Schreger bands observed in the
(RL) plane are indicated. The 3D software Rhinoceros (version 4 SR09) (http:// divadrhino.com/) with the grasshopper
plugin was used to generate the 3D representations.

Contrary to the current model based on SEM images of fractured sections of a small ivory mid-dentin volume (~
1 mm®) [19], our study is supported by a variety of complementary analytical techniques (SAXS/WAXS, CPL,
SEM) performed on a large volume of dentin, from cement to pulp (~ 10 mm®). We quantitatively measured the
orientations of the MCF that was found to oscillate in a narrow range (max. +/- 15°), whereas Su and Cui [19]
proposed a rotation of 90°. According to our analysis from cement to pulp, we determined the period of the
oscillation (~ 1mm) in the mid-dentin, whereas Su and Cui [19] did not describe the complete oscillation pattern
as only one rotation (over 500 pm) was reported. Therefore, our results provide evidence for an oscillating-
plywood like structure of the MCF arrangement in the mid-dentin of elephant ivory.

Furthermore, the oscillating-plywood structure is likely responsible for the measured periodic oscillations of the
degree of organization p (from ~ 50 to 60%), where p is expected to be minimum when the fibers are out of
plane and maximum when they are aligned within the plane. However, aligned CF to the (L) axis are observed
every ~0.5 mm and the periodicity of p oscillations is ~1.1 mm. This apparent inconsistency can be explained by
considering the relation of CF to the helical tubules. Indeed, CF aligned with the tusk axis are located
perpendicularly to the crest and the trough of the helical tubules (Fig. 6 B). Tubules have a distorted helical
shape with a pitch similar to the periodicity of p oscillations (~ 1 mm) [17]. Assuming that the turn of the helix
occurs on the crests, MCF located on the trough are more organized than the ones on the crest (Fig. 6 B) and p is
therefore minimum on the crests every ~ 1 mm.
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According to our results, we propose a revised model of the hierarchical scale of ivory structure in Fig. 8, where
the MCF organization is reported from cement to pulp as well as its relation to the helical tubules. The schemes
at the nano-scale are inspired from the data of the literature [19, 26, 28, 29].

- Minaralized co'llgen fibers &M]

/ 0
'\)+ iL

38x20
i x 3-5 nm

Cement

60-200 nm 1010.5 nm
Fig. 8. Revised hierarchical model of elephant ivory structure. The data at the micro-scale are from this study and the ones
at the nano-scale originate from [19, 26, 28, 29].

Optical properties: origin of the unique Schreger pattern

The origin of the Schreger pattern, which appears only on sections of Elephantoidea tusks, has been largely
studied, especially in relation to the tubular network [15, 16]. Based on this hypothesis, we recently showed that
the Schreger pattern correlates to the helical tubular organization [17]. However, we could not propose a direct
physical explanation to account for the interaction between the impinging light and elephant dentin
microstructure, which ultimately gives rise to distinct bright and dark areas. Here, we provide new evidences
showing that the CF organization primarily contributes to the emergence of the Schreger pattern.

We first showed that demineralized sections observed in transmission show the same Schreger pattern as this
seen in reflection on mineralized sections (Fig. 3B), even with stronger contrast. Therefore, we suggest that the
origin of the Schreger pattern mainly comes from the organization of the CF network rather than the orientation
of the Mg-carb-HAP crystals. However, this does not fully rule out the fact the Mg-carb-HAP crystals may
influence the Schreger pattern and this matter should be further investigated.

Second, we showed that the orientation of the CF determined by CPL strongly relate to the optical pattern in all
orientations (Fig. 4). These observations on the demineralized sections in transmitted light are compatible with
the optical theory of refraction from birefringent materials, a characteristic exhibited by a broad variety of
collagenous tissues, which was extensively used to characterize bones and tendons under polarized light
microscopy [45, 46].

Third, we showed that elephant ivory sections observed with different incident angles present an interchanging
Schreger pattern (bright and dark features turn respectively dark and bright). This optical phenomenon is
observed in both demineralized thin section (in transmission) and mineralized thick section (in reflection).

While the observations of the optical properties in transmission can be explained by the theory of refraction from
birefringent materials [45, 46], the physical origin of the light modulation in reflection leading to the
interchanging bright and dark areas depending on the incident angle of light is more complex. The properties of
reflected light from a birefringent media have mostly been described by theories using Fresnel equations.
Moreover, the reflected parallel-polarized component of the light is known to vanish at a critical incident angle,
the Brewster angle, where the parallel-polarized component of the incident light is fully refracted through the
sample, assuming a hypothetical model of a planar CF organization [47].
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Therefore, when the incident angle of the light with the CF fibers is equal to the Brewster angle, the reflected
light is minimum (as only the perpendicular-polarized component of the incident light is reflected) and thus, the
surface appears dark. Because this phenomenon occurs only on the parallel-polarized component of the light, it
is even stronger when the incident light is polarized. The observations of the ivory sections were mainly
observed under daylight, which is in principle unpolarized. However, natural light is usually partially polarized
because it interacts with materials, particles and surfaces before reaching the human eye [48]. Moreover, for
birefringent materials as collagen, the value of the Brewster angle can be calculated and varies depending on the
refractive index, the birefringence of the collagen fibers and their angle with the surface of the object [47].
Therefore, because bright and dark bands of the Schreger pattern have different CF orientations, they may also
have different Brewster angles, for example, Byyigne and B respectively. When the incident angle is equal to
Buark, the dark band appears dark and the bright band, bright but when the incident angle is equal to Byyign:, the
bright band appears dark and the dark band, bright. Therefore, the oscillations in CF orientation lead to a
periodic oscillation of bright bands in reflected light and this contrast can be inverted upon tilting.

Although more precise optical measurements and simulations are required to better quantify this phenomenon,
for example taking into account potential scattering effects, this simplified framework provides a conceptual
basis for the emergence of the Schreger pattern.

Potential implications for mechanical properties

Previous studies showed that elephant tusks present anisotropic mechanical properties (hardness, plastic
deformation, bending and tensile strength and toughness) [27, 36, 37, 49, 50]. Here, we attempt to relate the
ivory MCF particular organization to some of these mechanical properties and further compare it to those of
teeth dentin, antler and bone in terms of mechanical properties and functions.

Dentin from elephant tusks and dentin from teeth (at least human crown dentin) present MCF lying in the
mineralization plane and perpendicular to tubules [18, 51, 52]. However, MCF orientation in 3D can be very
different. MCF in ivory have preferential orientation along the tusk axis [26, 27, 37] and are arranged in an
oscillating plywood structure [this study], whereas MCF in the coronal dentin are mainly randomly oriented
within the mineralization plane [13, 52]. The latter is repeatedly loaded in compression, whereas elephant tusks
are rather loaded in bending [37] due to their elongated shape (up to 3.5 m long), important weight (up to 117
kg) [14] and their function of carrying loads. Therefore, MCF oriented along the tusk axis provide high
resistance to bending [37] but also to tensile loads [35, 49] in the case of elephant tusks that is not needed in
human molar crown dentin.

Improved mechanical properties in biological materials can be induced by gradients at interfaces or
heterogeneities in the bulk, of their chemical composition and characteristic of their structural components [53,
54]. For example, in molar human crown dentin, MCF are progressively more organized towards the pulp [52]
but also close to the enamel leading to an increased stiffness [13]. However, we showed that MCF in ivory are
less organized close to the pulp and the cement than in the mid-dentin, which might be related to different
growth mechanisms and/or function of teeth and tusk dentin. Furthermore, we determined that MCF close to the
cement, are lying in the transverse plane and orient along the cement line. We postulate that this layer may
provide cohesion of the parallel MCF of the mid-dentin in order to maintain them straight, a well-known strategy
used in cell wall of plants [55].

Elephant tusks are also used as weapons like antlers, which are one of the toughest biological materials [12, 56,
57]. The toughening mechanisms in antlers have been largely studied [12, 56, 57] and similar extrinsic
mechanisms were identified in the case of elephant ivory [36]. However, antlers and tusks have very different
microstructure, as antlers, composed of osteons, have MCF with a single orientation between individual lamellae
(aligned with the antler bone long axis) [40]. Furthermore, tusks, like teeth, do not have remodeling properties
known to also increase bone toughness [10], therefore, the overall structure and the origin of the toughness in
ivory may be different from the ones of antler. One recently well-studied mechanism to prevent crack
propagation is the twisted plywood like structure in lamellar bones [10, 58-60] but also in exoskeleton of
crustacean [61]. Cracks perpendicular to the MCF layers are deflected and a zigzag fracture path is observed due
to the periodic oscillation of the Young’s modulus [60] and the crack driving forces [59] that are imposed by the
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periodic rotation of the MCF. We hypothesize that the oscillating-plywood like structure determined in elephant
ivory may also play a role in preventing crack propagation in tusks, especially in deflecting the crack path also
leading to zigzag-like fractures (Fig. 6 A and Appendix B Fig 8). However, this relationship would warrant a
separate study of mechanical properties of these particular samples in order to directly relate them to the
structural properties.

Conclusion.

The 3D arrangement of the mineralized collagen fibers (MCF) of elephant tusk dentin was evidenced and
consists of an oscillating plywood-like structure with a small angle of oscillation (maximum 15°) with respect to
the tusk axis. We showed that this arrangement and the helical tubular network are intimately linked and both
relate to the macroscopic Schreger pattern. However, the collagen fiber network organization seems to be mainly
responsible for the optical emergence of the dark and bright pattern. We propose that the reflection of light by
birefringent materials is the key to explain such phenomena, in particular the interchanging Schreger pattern.
However, a quantitative modeling of this intriguing optical phenomenon requires more research, as the values of
the different refractive indices of the birefringent collagen fibers depending on local fiber orientation
distributions are not well known.

The oscillating-plywood structure also potentially prevents and controls crack propagation in the material.
Determining the origin of the Schreger pattern and the particular fracture patterns of ivory of anthropic nature
(instead of animal behavior) is essential to better interpret these features on ivory blanks or objects. Therefore,
our study contributes to a better understanding of the structural origin of mechanical and optical properties in
biological materials and helps apprehending how human craft has taken advantage from these properties to fulfill
various purposes.
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Appendix A - Detailed methods

Small- and wide- angle X-ray scattering

Experimental set up: small- and wide- angle X-ray scattering (SAXS/WAXS) experiments were performed at
the mySpot beamline at the BESSY II synchrotron radiation facility (HZB, Helmholtz-Zentrum Berlin fiir
Materialien und Energie, Berlin, Germany). The wavelength was 0.826 A (energy of 15 kev), the beam was 30
um large and the scattering patterns were collected on a 2D detector (MARCCD 225, marusa, Evanston) with
73.242 x 73.242 pum’ pixel size and 3072 x 3072 pixels. The sample-detector distance was 0.310 m. The
exposure time was 10 s per scan point. The scan step was 100 um. Measurements were calibrated using
crystalline silver behenate powder.

Data analysis. the SAXS signal arises from electron density differences between the HAP nano platelets and the
organic collagen matrix. The shape of the two dimensional (2D) SAXS signal provides information on the
average degree of alignment of the mineral platelets within the irradiated sample volume. Thus, an anisotropic
2D SAXS signal indicates a high organization of the mineral platelets in one specific orientation (Figure 1 A),
whereas an isotropic 2D SAXS signal is due to randomly oriented HAP particles (Figure 1 B). However, if the
mineral particles (with their long dimension) are not parallel to the beam, an isotropic SAXS signal can also
result from out-of plane particle orientation [1, 2].
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Figure 1. A) Averaged SAXS/WAXS 2D pattern of the (RL) plane profile from R=5 to 20 mm, B) averaged SAXS/WAXS
2D pattern of the (RT) plane from R=0 to 3 mm and C) radial integration of the SAXS signals of the (RL) and (RT) sections

showing the area A1 and A0 for the calculation of the p-parameter for the (RL) plane.

A more quantitative analysis can be done by calculating the p-parameter [3, 4]. The p-parameter describes the
degree of alignment of the mineral particles i.e. the percentage of HAP crystals presenting the same orientation
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in the analyzed volume. It is calculated from the radial integration of the SAXS signals (Fig. 1C) by p =
A1/(A1+A0) where A1 represents the percentage of organized HAP particles having a preferred orientation and
A0 the percentage of randomly oriented HAP particles.

The p-parameter does not, however, provide any information concerning out of plane orientations. Therefore, a
p-parameter of 0 means that HAP minerals are randomly oriented or that they are oriented but with their axis
along the long dimension perpendicular to the beam. A p-parameter equal to 100% means that HAP particles
present a preferred orientation.

Finally, where the mineral particles are sufficiently organized (p> 40%), it is possible to assess the preferred
orientation of their c-axis by the previous radial integration of the SAXS signal (Figure 1 C) or of the (002)
reflection of the HAP crystals seen in the 2D WAXS pattern. The intensity distribution of this reflection shows
the probability of HAP c-axes to be oriented in a given direction ym. (maximum of the intensity of the y-
distribution), which is the c-axes projection in the sample plane with respect to the vertical of the samples. In the
case of the (RL) section, the sample was aligned with the (L) axis perpendicular to the beam and in the case of
the (RT) section, the sample was aligned with the (T) axis perpendicular to the beam. Therefore, Ymaxrr) is the
projected angle between the MCF axis and the tusk axis and ymaxr) 1 the projected angle between the MCF long
axis and the (T) axis.

The p-parameter and ym.-angle were calculated after having respectively integrated the 2D SAXS and WAXS
signals as a function of the azimuthal angle using the software Fit2D (Hammersley et al., 1996) and Autofit,
custom-made software (Max Planck Institute of Colloids and Interfaces, Potsdam, Germany).

For the (RT) plane, ymaxrr) values were extracted from 2.6 to 3 mm from the cement. The reported are reported in
the table below. Values from 2.6 to 3 mm are missing because the section broke close to the cement due to low
thickness.

Position from cement ymax (RT)
(R in mm) p-parameter (%) (°)
2.6 42 56
2.65 44 53
2.7 46 46
2.75 48 54
2.8 51 46
2.85 51 56
2.9 54 52
2.95 49 44
3 42 40
Average 50
SDV 6

Cross-polarized light and scanning electron microscopy

Samples were observed by cross-polarized light microscopy (CPL, DM RXA?2 Leica, Bensheim, Germany, with
air objective 2.5x numerical aperture of 0.07) in which the polarizer and analyzer were fixed perpendicularly to
each other (cross-polarized light). The microscope’s goniometric stage allows rotation of the specimen with
respect to the crossed polarizers. The intensity of the transmitted light depends on the collagen content, its
degree of alignment, on the mineral fraction and on the orientation of the section. Therefore, we demineralized
the sections (see 2.2 for details). As seen by the WAXS pattern of the (RL) sections before and after removal of
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the mineral part, the demineralization process was successful. The mineralized section shows the typical HAP
signals with the (002), (211), (112) and (300) reflections whereas the demineralized section does not show them.

Mineralized (RL) section Demineralized (RL} section

The demineralized sections with controlled thicknesses (~70 um) were measured at various angles from the
crossed polarizers in order to determine the collagen fibers (CF) orientations by distinguishing extinction and
illumination positions. Due to the interaction between light and the tissue, the brightest areas will be observed
for CF lying in the observation plane (i.e. normal to the light propagation) and oblique (+ or - 45°) to the
analyzer and polarizer, while darker regions will correspond to CF oriented perpendicularly to this direction or
within the plane but orientated parallel to the direction of either the analyzer or the polarizer. In order to
determine if CF in bright areas are oriented at + or - 45° to the crossed polarizer and analyzer, a quartz first-order
retardation A plate was at 45° between the polarizer and analyzer. Indeed, the A plate allows evidencing CF
oriented parallel to the slow axis of the A plate (blue domains) and CF perpendicular to it (orange domains).

A digital scanning electron microscope (SEM, DSM 962, Zeiss, Oberkochen, Germany) was used for the

observations of fractured sections with the secondary electron mode in order to provide topographic contrast.
The SEM was set to an accelerating voltage of 20 keV and a working distance of 10 mm was used.
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Appendix B — Supplementary figures

Ridge Ridge

Axis of rotation 1

Tusk axis

of - .rj Axis of rotation 2

Supplementary Fig. 1. 3D arrangement of the mineralized collagen fibers in elephant ivory proposed by [5]. A) Scheme of
a section of ivory with the reference system indicated, the transverse (RT) plane shows the intercrossing ridges of the
Schreger pattern and B) rotated plywood like structure showing the two orthogonal axes of rotation following the Schreger
lines. Mineralized CF continuously rotate of 90° from one layer to the other and are mainly oblique to the transverse plane
apart on top and bottom of the ridges were they are perpendicular to it and therefore aligned to the tusk axis.
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Supplementary Fig. 2. Azimuthal integration of the averaged SAXS/WAXS 2D pattern of the (RL) plane profile from
cement to pulp showing the peak corresponding to the spacing between collagen molecules (5.5 nm™) and the different
reflections of the HAP crystals with the characteristic (002) reflection at q = 18.4 nm™.
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Supplementary Fig. 3. Discrete Fourier Transform (DFT) of the periodic oscillations of the p- and . profiles in the mid-
dentin of the (RL) plane. A) from R=5 to 9.5 mm of the p-profile, B) from R=9.5 to 16 mm of the p-profile, C) from R=5 to
9.5 mm of the y.x-profile and D) from R=9.5 to 16 mm of the y.-profile.
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Supplementary Fig. 4. Thin demineralized sections observed under transmitted light and used for cross-polarised
microscopy measurements. A) (RL) section cut perpendicular to the rhomboids from cement to pulp, B) (SL) section, C)
(TL) section and D) (RT) section.
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Supplementary Fig. 5. Cross-polarized micrographs of A) the (RL) plane (section used for SAXS/WAXS measurements)
from cement to pulp oriented at 5° to the crossed polarizer and analyzer, B) the (SL) section oriented at different
orientations and with the additional presence of the A plate for the orientation at 0° and C) the (TL) plane at different
orientations.
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Supplementary Fig. 6. Variation of the MCF orientation in the (TL) plane from cement to pulp. A) SEM image of a
fractured section in the mid-dentin which shows MCF aligned in the plane and B) SEM image of a fracture section close to
the pulp with MCF distributed around the tubules and having different orientations. C) Anisotropic SAXS signals of a (TL)

section in the mid-dentin indicating preferentially aligned MCF and D) Isotropic SAXS signals of a (TL) section close to the
pulp revealing less organized MCF than in the mid-dentin.

500 ym

Supplementary Fig. 7. Fractured section along the (SL) plane.
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R Sawtooth fracture Staggerad sawtooth fracture

Supplementary Fig. 8. Zizag-like fractures obtained when the percussion was done perpendicular to A) the (RT) plane and
B) the (RT) plane. C) Scheme of the possible crack propagation when the percussion is done perpendicular to the tusk axis
leading to the sawtooth fracture described in [6].
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