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ABSTRACT

Tooth enamel from modern and fossil (Lazaret cave) Cervus elaphus was characterized in
order to study the chemical and structural changes during fossilization. Ca, P, Na, Mg, F, Cl,
CO; contents were measured by chemical analyses, and infrared spectroscopy (IR) was used
to determine H,O, OH-, Poj‘and cog-. Carbonate increases during fossilization and

substitutes for PO3™ at the B-site and for OH at the A-site. The CO2~-for-PO" substitution
experiences the highest increase. HoO and OH contents decrease during fossilization. These
chemical changes may be traced by Rietveld structure refinement (XRD). Like human

enamel, red deer enamel consists of apatite. A good positive correlation has been found
between the a cell parameter and CO§‘ contents. Refinement of atomic positions and site

multiplicity allow us to describe site distortions in Poi‘ polyhedra and along the 63 axis;

these distortions are indirect probes of the substituent ions in the apatite structure.

At Lazaret cave, the Kkarstic environment is thought to control the chemical and
structural changes of the fossil enamels. Fossilization conditions have been favorable for a
good conservation of the Cervus elaphus tooth enamels whatever their stratigraphic position
and location were. These fossil enamels have experienced only slight structural and chemical
changes considering their geological age. This accounts for a rapid burial in continental
sediments of Lazaret prehistoric cave. These Lazaret fossil enamels could be considered as
stable material which may be used for dating by the ESR and U-Th methods.



INTRODUCTION

Most investigations on biological and synthetic apatite are concerned with their crystal
structure (Bonel, 1972a; Nelson and Featherstone, 1982; Doi et al., 1982; Elliott et al., 1985;
Rey et al., 1991; LeGeros 1991; Bottero et al., 1992) in order to understand the formation and
maturation of bone and tooth, to elucidate pathological calcifications, and to explain dental
caries in human teeth.

The study of fossil bones or teeth can also provide information about the fossilization
process. Paleontologists, geochronologists and geochemists (Shipman, 1981; Yokoyama et
al., 1981; Schwarcz et al., 1989) are interested in this complex and exceptional processes. It is
important to consider the state of preservation of fossils and their surrounding deposits in
order to give an account of the taphonomy of the site. ESR dating of tooth enamel, which is
considered as a stable material (Griin, 1989) in Pleistocene deposits, is mostly preferred
against bone or dentine which would be more affected by the diagenesis (Grin and Schwarcz,
1987). In order to attain a better understanding of the fossilization process in calcified tissue,
IR and XRD analyses should provide further information regarding the mineralogical
composition of the fossil enamel, dentine and bone (Newesely, 1989; Pate et al., 1989).

It is well established that inorganic phase of human tooth enamel is a carbonate-
substituted hydroxyapatite (Montel, 1977; Elliott et al., 1985). When considering OHAp
hydroxyapatite as a structural model, the formula may be written as follows:

Cayg (PO4)s (OH),

| | |
Z B A where Z = Ca?*, Na*, Mg2*, B = PO?",

CO% ", HPO?~, and A= OH-, COZ~, F~, CI-, H,0.
In AB-type carbonate-bearing apatite, most of carbonate ions are substituted for Poj‘

at B-site, while the other part replaces OH- at A-site (Bonel, 1972b). The total amount of

carbonate being incorporated in enamel is ~ 3 wt.%, and about 11 % were found to be at the
A-site (Elliott et al., 1985). Other impurities as HPOj‘ are known to substitute for Poj‘ in

the apatite structure, while F-, CI-, H,O may be incorporated at the A-site whereas Na*, Mg2*
replace Ca?* at the Z-site (Featherstone et al., 1983; LeGeros and LeGeros, 1984).

These substitutions induce changes in the properties of apatite. For example, when the
carbonate content is high at the B-site, the solubility behavior of apatite increases and its
crystallinity decreases (LeGeros, 1981; Doi et al., 1982). Sillen and LeGeros (1991) have
shown that a Pleistocene fossil enamel (from Swartkrans) is less soluble than fossil bone and
dentine which contain more carbonate, and is much more soluble than the fluorapatite
(containing ~ 4 wt.% F").

The substituted ions induce also variations in the cell parameters of apatite. When the
planar cog- group replaces Poj‘ tetrahedron, the a lattice parameter decreases whereas C



lattice parameter slightly increases. The opposite was observed when Cog‘ substitutes OH- at

the A-site (LeGeros, 1981; Nelson and Featherstone, 1982). The presence of structural H,O at
the A-site of enamel apatite (absent in stoichiometric OHAp) leads to an increase of the a
lattice parameter (Holcomb and Young, 1980; LeGeros, 1981).

The detailed knowledge of the structural parameters of apatite constituting enamel and
of their substituting ions is of prime importance in order to understand evolution of tooth
enamel during fossilization. Two analytical methods are frequently used to study enamel
apatites: X-ray diffraction, particularly the refinement of powder data using the Rietveld
method has been used for apatite (Young and Mackie, 1980; Young and Wiles, 1981). The
Rietveld method yields cell parameters with great precision and also provides indirect
evidences of substituting ions. For example, the variation of scattering density along the 63
axis may constitute evidence of OH- at the A-site (Young and Wiles, 1981). The second
method is infrared spectroscopy which can identify unambiguously OH- and H,O groups at
the A-site (LeGeros et al., 1969, 1978), and cog- at the A- and B-sites (Elliott et al., 1985).

The purpose of this study is to provide mineralogical, and crystal-chemical
information on fossil enamel. In this work, modern red deer enamel is compared to fossil
tooth enamels from the Lazaret prehistoric site (Nice, France). IR and Rietveld data were used
to discuss the modifications of enamel during fossilization.

MATERIALS AND METHODS
Material studied

Five samples were analyzed; they consist of tooth enamel originating from adult
Cervus elaphus mandibles. One was modern (obtained by the Anatomy laboratory, M.N.H.N.,
Paris) and four were fossil. The fossil mandibles come from the prehistoric cave of Lazaret
(Nice, France) (Fig. 1). They were discovered in archaeological levels (Middle Pleistocene)
which constitute the C continental infilling (six meters deep). These deposits have been
divided into three levels : CI, Cll, and CIIl. They are located between a beach deposit B at the
bottom and a stalagmitic flowstone E at the top. The sedimentary deposits, in a karstic
environment, are characterized by a clayey gravel (de Lumley, 1976). Mandibles have been
distinguished according to their stratigraphic position in the deposit ( Fig. 1).

Red deer enamel (1 mm thick) was taken from molars and was separated from dentine
with a dentist's drill. Enamel specimens were reduced to powder at a size < 50 um in an agate
mortar. All samples investigated consist only of apatite.



Methods

Chemical analysis

Electron microprobe analysis of enamel were done on a Camebax instrument (15 Kv,
10 nA) equipped with WDS on polished sections (teeth were embedded in an acrylic resin
under vacuum). Measurements of Ca, P, Na, Mg, CI contents were obtained by comparison
with a known standard (fluorapatite from Durango, Mexico). The amounts (wt.%) correspond
to an average of forty analyses on each specimen ( ). The CO3 contents were
determined by a coulometric titration of the CO, released from an acidified aqueous solution
of the powdered samples (x 0.01%) and the F contents by specific ion-meter (£ 20 ppm) by
the X-Ral laboratory (Canada).

Infrared spectrometry

A standard procedure was used for sample preparation (Frohlich, 1989). 20 mg of the
powered enamel (size < 20 pum) were ground under acetone with agate balls in an agate
mortar placed in a refrigerated area (4°C). Grinding time of one hour was done to obtain a
particle size less than 5 pm. The KBr pellets were prepared by mixing 7.5 mg of enamel with
300 mg of KBr. After drying the mixture at 80°C over one night, a 300 mg transparent pellet
(13 mm in diameter) was made under vacuum and under a pressure of 11 ton.cm2.The IR
spectra were recorded in transmittance mode with a Perkin Elmer 16 FPC-FTIR spectrometer.

Three regions of interest were selected: 1760-1320 cm-1, 900-830 cm-1, and 740-490
cml. In order to quantify the Cog‘and Poj‘, the envelopes were decomposed into
Lorentzian components according to the number and the positions of identified absorption
bands. The calculated positions of individual bands are the same (= 1 cm-?) for all samples.
Experimental and calculated spectra were fitted by least squares procedure. The band areas

were calculated by least squares procedure.

X-ray diffraction and Rietveld analysis

Enamel samples were mixed with an internal standard NaF (10 wt.%) and ground (size
< 20 pum) under acetone in an agate mortar. The X-ray powder data were collected on an
automated Siemens D501 diffractometer, equipped with a graphite monochromator and
operating in step scan mode using CuKa radiation. X-ray data were collected between 30 and
140° 20 with a 0.04° 20 step and counting 40s by step.

Rietveld refinements were done with the XND code (Berar, 1990). The refined values
(@ and C cell parameters, atomic positions, site occupancies, thermal parameters) of
stoichiometric OHAp (Sudarsanan and Young, 1969) were used as the starting model (Young
and Mackie, 1980). The Voigt function was used to represent the individual reflection
profiles, allowing us to deconvolute the strain and the size broadening contributions (Howard



and Preston, 1989). In the final step of the refinement, all atomic positions and site
occupancies were refined simultaneously, with atom displacement factors fixed at single-
crystal values (Sudarsanan and Young, 1969).

RESULTS AND DISCUSSION

Chemical data

The atomic ratio Ca/P of stoichiometric OHAp, Cayy (PO4)s (OH), is 1.67. The Ca/P
of samples studied, calculated from microprobe analysis ( ) range between 1.60 and
1.67. The same range of Ca/P values (1.59-1.66) was found in human enamel (Bottero et al.,
1992). The CO3 content (4.13%) of modern enamel is slightly lower than that of fossil
enamels (4.60-4.94%) but is not clearly correlated to the stratigraphic position of the teeth
studied. The Ca'/P values (where Ca'= Ca+Na+Mg) do not change significantly among the
samples. The fluorine contents of the fossil enamel samples are very small (< 0.1%). L80
sample is considered as the oldest fossil studied, due to its stratigraphic position; it contains
146 ppm of fluorine, essentially the same as that measured (136 ppm) in enamel of the
modern red deer ( ).

Modern and fossil enamels are chemically homogeneous regardless of the age of the
teeth. The red deer enamel has a chemical composition close to that reported for human
enamel (Driessens, 1980; LeGeros and LeGeros, 1984).

The low amount of fluorine can be rationalized by the karstic environment which
prevails in the Lazaret cave. The clayey matrix which contained the mandibles was rich in
calcite and quartz. A stalagmitic flowstone is forming in the cave, and the slightly basic
ground water (pH = 7.96) is saturated with respect to calcium carbonate which precipitates as
calcite.

Infrared data

Infrared spectra of modern and fossil Cervus elaphus enamels have the same
characteristic absorption bands as the IR spectra of synthetic apatites containing CO5 at both
A- and B-sites (Bonel, 1972b) and of modern human enamel (Holcomb and Young, 1980 ;
Elliott et al., 1985). The IR bands for fossil and modern enamels have been related to PO,
group, CO3 groups at the A-and B-sites, and to H,O and OH according to literature (Holcomb
and Young, 1980; LeGeros, 1981; Young et al., 1981; Rey et al., 1991) ( , Fig. 2).

The most significant change in IR spectra of modern and fossil enamels concerns the
large H,O bands which mask the OH stretching band at 3567 cm-1 ( Fig. 2). The amplitude of



the H,O stretching and bending bands at 3430-3300 cm-! and 1650 cm-1 respectively is higher
in modern enamel than in the fossil samples ( Fig. 2A). Fossil enamels have lost most of their
organic matter and as a consequence contain less adsorbed (3430 cm-! band) and structural
H,0 (3330 cm! band, Holcomb and Young, 1980) than modern enamel. The OH bending
band at 630 cml in the synthetic hydroxyapatite and enamel IR spectra (Nelson and

Featherstone, 1982; Rey et al., 1991) appears only as a shoulder on the left side of the v, PO
¥~ band on the fossil and modern enamels (Fig. 3).

Quantification of the PO, and CO3; groups: two examples (modern and L80 fossil

enamels) of the decomposition procedure of complex IR bands into component bands are
presented in Figs. 2B, 3, 4 and 5. This procedure allows an estimation of the amount of POj‘

and Cog‘groups in enamels studied. The position and area of individual bands for all enamels

are listed in
740-490 cm-! region: there are four bands in this region (Fig. 3). Three are related to
Poj‘ groups (605, 576, 565 cm-1) and the fourth one to OH- (630 cm-1). This last one is

slightly higher in amplitude in modern enamel than in fossil enamels ( ). In the
following text, the amount of Poi‘ will be determined by the area of the 565 cm-1 component.
1760-1320 cm region: the broad band encountered in this region has been

decomposed in seven Lorentzian components (Fig. 4). Five bands (1548, 1501, 1470, 1451
and 1412 cm-?) are related to Cog‘groups and two bands (1620-1640 and 1661-1669 cm-?) to

H,O and organic matter ( ). As mentioned before, the relative intensities of these two

last bands decrease significantly in the fossil enamels with respect to the modern enamel.
Amounts of Cog‘at the A- and B-sites have been estimated by the area under the Lorentzian

curves around 1548 and 1412 cm-! respectively. The B-COi‘/POj‘ ratios are higher in fossil
enamels than in modern enamel. The opposite is observed for the A-Coi‘area. These data
suggest that Cog‘occurs primarily at the B-site of apatite in fossil enamel.

900-830 cm region: the broad band may be decomposed in three Lorentzian
components at 965, 872, 880 cm-! (Fig. 5). These bands are due to three cog- groups: A-CO
2~ (880 cm'Y), B-COZ™ (872 cm?) and a third CO3~group (865 cm™) which has not been
actually attributed to a specific site (Rey et al., 1991). HPOi‘ could be also a candidate for
the 872 cm-1 band (Holcomb and Young, 1980), but it cannot be distinguished from the cog-
group at the same wavenumbers unless the samples were ignited. This is the reason why we
used the 1412 cm-1 band to assess the Cog‘ content at the B-site. Nevertheless, the A-Cog‘
/B-Cog‘ area ratios measured both with 879 -873 cm-! or 1547-1412 cm-1 bands are higher in
modern enamel than that in fossil enamel ( ). These data imply that during
fossilization, Cog‘ is preferentially incorporated at the B-site as yet mentioned through the
Coi‘ band at 1412 cm-1. The area of the third cog- band is the same in all the samples

studied.



Rietveld refinements

Two examples of Rietveld refinements (modern and L80 enamels) are presented in
Fig. 6. Refined structural parameters obtained for all enamels studied are reported in Tables 4
and 5. Rwp, Rp and R-Bragg agreement indices for Rietveld refinements (Post and Bish,
1989) indicate the quality of the fits.

Cell parameters: Cell parameters of all enamels studied are slightly higher than those
of the OHAp refined by Sudarsanan and Young (1969) ( ) and are similar to values
reported for human enamel (Fig. 7A) (Young and Mackie, 1980, Bottero et al., 1992).

The a parameter is ~0.02 A higher than in OHAp. It is highest in modern red deer enamel
(9.4468 A) and is slightly lower in fossil ones (9.4396-9.4444 A) (Fig. 7B). Besides, in fossil
enamels studied here, there is a negative correlation (r=0.92) between the a parameter and the
COZ™ content (Fig. 7B) suggesting that CO2~ groups replace PO~ ions in the apatite
structure. An increase of the a parameter has been correlated with the presence of structurally
incorporated H,O at the A-site in an “aqueous” synthetic OH-apatite (a=9.438 A; LeGeros,
1981). When their samples were heated past to 400°C the a parameters return to normal

OHAp a value. In human or red deer enamel apatite, the situation is more complex because
both H,0 and Cog‘ incorporate the apatite structure. a parameter decreases with increasing

Coi‘ content both in "high temperature™ (Nelson and Featherstone, 1982) and "aqueous™

synthetic apatites (Nelson and Featherstone, 1982; Okazaki, 1983) (Fig. 7A). But, "aqueous"
apatites, human and red deer enamels are characterized by a higher a value than OH-apatite
and "high temperature™ carbonated-apatites at low Cog‘ content (<5%). This higher a value
is due to structurally incorporated H,O.

The C parameter (6.8861-6.8880 A) does not change significantly in the samples studied (Fig.
7B). In synthetic apatites, a contraction in the @ and an expansion in the C parameters with
increasing CO§‘ contents were measured. Besides, sodium incorporation occurs together with
the carbonate substitution in order to respect the electroneutrality in the apatite structure
(LeGeros, 1981; Nelson and Feartherstone, 1982). The increase of the C lattice parameter was

not observed for the red deer enamels studied here. Moreover, the sodium contents of fossil
enamels increase with the CO§‘ contents and the Mg content remains constant ( ).

Substitutions at the A- and B-sites:

Background: we expected that incorporation of other species may be detected by
looking at local distortions. Thus, when cog— replaces Poi‘ at the B-site, the atomic

positions must differ from those in stoichiometric OHAp (Young and Wiles, 1981).

Furthermore, H,0, CO§‘, Cl- and F- which substitute for OH- at the A-site change



distribution of the scattering density along the 63 axis (Young and Mackie, 1980; Young and
Wiles, 1981; Young and Holcomb, 1982). Two refinements were made with dummy oxygen
atoms placed at (1) 0,0, z = 0, 0.10, 0.20; (2) 0,0, z = 0.05, 0.15, 0.25, and the site occupancy
for each dummy oxygen was refined. This procedure yields a representation of the
distribution of scattering density along the channels centered on the 63 axis. The scattering
density in OHAp, measured from neutron data, has a maximum at z = 0.20, corresponding to
the oxygen coordinates (z=0.1978) and another smaller which is related to the hydrogen's
position (z=0.0608) (Young and Wiles, 1981). By comparison of the neutron and X-ray data,
Young et al., (1981) estimated the position parameters (0,0,z = 0.12) of the A-site occupied
by cog— in human enamel. According to Young and Wiles (1981), H,O seems to be localized
at 0,0,z = 0.12-0.14 and CI- at 0,0,z = 0.06-0.08. The distribution of scattering density in
human enamel shows a new maximum at 0,0,z = 0.10-0.15, and confirms the presence of H,O
and Cog‘ at the A-site. The same procedure was applied on the Cervus elaphus enamels

studied here.

Indirect evidence of (CO?%~, H,0)-for-OH- substitution at the A-site in Cervus elaphus
enamels: the distribution of scattering density along the channels are shown in and
Fig. 8. E1334 and F72 enamels have a maximum density at 0,0,z = 0.15. For the three other
enamels studied, there are maxima at 0,0,z = 0.15 and z = 0.20 (Fig. 8). The 0.15-value
departs from the z=0.20 value reported for OH- in stoichiometric OHAp, and is close to the

value refined for human enamel (Young and Mackie, 1980). This is interpreted as a signature
of H,0 and cog- substituting for OH- at the A-site.

Indirect evidence of Cog‘-for-POi‘ substitution in B site in Cervus elaphus enamels:

P-O(3) distances in all enamels studied (1.428-1.500 A) are shorter than that in stoichiometric
OHAp (1.529 A), and fossil enamels yield the shortest distances ( ). On the other hand,
P-O(2) distances are larger in Cervus elaphus enamels (1.561-1.587A) than in OHAp
(1.545A) and the difference larger in fossil enamels. The P-O(1) distances are also shorter in
Cervus elaphus enamels (1.492-1.517 A) than in OHAp (1.537 A) but do not change
significantly among the enamels studied.

Comparison of respective amounts of CO§‘ at the A- and B-sites derived from IR
spectrometry and the refined P-O(2) and P-O(3) distances are presented in Fig. 9. There are

good correlation between the decrease of the P-O(3) distance (r=0.88) and P-O(2) distances
(r=0.93) with the amount of CO§‘ at the B-site. This comparison indicates that the planar CO

§‘ ion substitutes for the Poj‘ tetrahedron at the B-site and that this substitution induces local

distortions in Cervus elaphus tooth enamels.

Crystallinity and order-disorder: Line profile analysis was done by using Voigt
function which allows to deconvolute the strain and the size broadening contributions
(Howard and Preston, 1989). Integral breath of the Lorentzian function is related to mean



coherent domain size and integral breath of the Gaussian function is due to structural disorder.
Three Lorentzian functions were used along a, b and c directions of the apatite structure
which give access to three integral breath Wla, WIb and WIc. Besides, Wg yields an
estimation of the strain or structural disorder ( ). Derived mean coherent domain size
by using Sherrer formula range from 466 to 505 A, from 488 to 619 A and from 470 to 535 A
along a, b, and c direction respectively. No significant MCD shape anisotropy was observed.
MCD a and MCD b decrease in fossil enamels according to their stratigraphic position in the
deposits, L80 enamel, the oldest one having the smallest values (Figs. 10A, 10B). The
structural disorder measured by the Wg value increases as the a parameter decreases (r= 0.87)
(Fig. 11). This behavior could be related to the substituent ions and molecules in the apatite
structure and the best correlation was found with the CO§‘ at the A-site (Fig. 11). Wqg is thus
a sensitive probe of defect structure due to substitutional impurities in the apatite structure
whereas MCD b / MCD a ratio is inversely correlated to the age of the enamel studied.
Besides, the increased crystallinity represented by the MCD b/ MCD a ratio may be related
to the increasing fluorine content (Fig. 10C). This relationship has been previously reported
for synthetic apatites where fluorine promotes crystal growth (LeGeros, 1981). The youngest
E1334 fossil enamel with the highest fluorine content has a larger crystal size than that in the
oldest L80 fossil enamel. Therefore, the crystallinity distribution profile suggests that a slight
post-depositional alteration of fossil enamels took place in the lower levels of the continental
deposits (Fig. 10).

State of preservation of fossil enamels and their geological environment

The type and the state of preservation of enamels contribute to describe post-mortem
history and therefore to reveal changes in geochemical surrounding conditions. The deposits,
where fossils have been excavated, inevitably control their preservation state. At Lazaret cave,
the clayey sediments, loaded by stream carbonate saturated water, is a moderately alkaline
environment. Fossilization conditions have been favorable for a good conservation of the
tooth enamels whatever their stratigraphic position and location were. These fossil enamels
experienced only slight structural and chemical changes considering their geological age
(Middle Pleistocene). This accounts for a rapid burial in continental sediments at Lazaret
prehistoric cave in agreement with the exceptional amount of excavated mammal remains
(artiodactyls and carnivores >70 000) (Valensi, 1994).

CONCLUSION



Cervus elaphus enamels consist of finely divided apatite-like crystals which
incorporate CO%~, H,O and Na*. Their crystallographic characters are similar to that of

human enamel. IR spectroscopy and Rietveld refinement show that Cog‘ substitutes for PO

j‘ and OH-, and that B-site contains the highest amount of cog—. Fossil enamels may be

distinguished from modern red deer enamel by their highest carbonate and lowest H,O
contents. Loss of adsorbed H,O during fossilization is mainly related to the decay of organic
matter constituting modern enamel. Carbonation in the B-site induces a decrease of the a cell
parameter of the fossil enamels with respect to the modern enamel. Carbonation of the apatite
is interpreted as a consequence of the geological environment which prevails during and after
the fossilization.

Characterization of the mineralogical constituents of teeth or bones, which are
frequently used for dating prehistoric sites, has to be accurately done by combining methods
such as infrared spectroscopy and Rietveld structure refinement using powder X-ray
diffraction data. Moreover, the knowledge of chemical and structural changes during
fossilization is of prime importance for a better confidence in dating. Further investigation of
the enamel suitability for ESR dating are in progress (Michel, 1995).
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centre, entrée, Locus VIII : excavated areas.
A, B : beach deposits.

C1, C1I, CIII : continental deposits.

D : breach.

E : stalagmitic floor.
F : caving-in of the roof of the cave.
G : stalagmitic floor.

Fig. 1. Synthetic longitudinal section of Lazaret cave (modified from de Lumley, 1976).

Table 2. Observed infrared band-
positions (cm™') of modern enamel and

Table 1. Stratigraphic position and chemical composition of modern and fossil red deer enamels

VA
(em) Level Sample Ca P Na Mg Cl CO; F CaP Ca'/P
— — Modern red deer  37.85 1812 0.47 0.12 037 413 136 1.61 1.66
-317 CIi “E1334 39.28 1845 (.50 0.12 030 483 950 1.64 1.09
-362 CllI *F72 37.40 17.82 0.43 0.13 0.28 4.60 950 1.62 1.66
—435 ClI 123 38.63 1790 0.58 0.12 0.28 494 418 1.67 1.72
—6060 ClI *L8O 38.82 18.62 0.48 0.13 032 484 146 161 1.65

The stratigraphic reference plane (Z = (0 ecm) corresponds to +28.63 m above sea level. The
cxcavation arca is indicated as *: E, fouille entrée: F, fouille centre; L, Locus VIH. The Ca, P, Na,
Mg and Cl contents were determined by microprobe analysis (wt.%). CO; was analyzed by
coulometry (£0.01 wt.%). F was analyzed by fluorine specific ion clectrode (£20 ppm). Ca/P.
Ca’/P are calculated molar ratios; Ca’ = Ca + Na + Mg.

Table 3. Positions, areas and area ratios of resolved IR bands of modern and fossil enamels

fossil red deer enamels from Lazaret cave.

Modern E1334 F72 L23 L8O
IR absorption bands positions
Bands cm™! area cm”! area cm™! area cm™! area em™! area
OH 3567 (w)
H,0 3300-3430 565 11.07  563.5 1021 563.5 10.58 563 937  563.5 1031
) (s) v, PO, 576 6.65 576 681 576 692 5755 584 576 6.34
H;O—organic ~1650 (*) 6055 10.51 605 9.86 605 9.82 605 8.62 605 9.60
carbonate v, 1545 (w) OH
1500 (w) 630 3.46 630 3.56 630 4.02 630 3.68 630 3.60
14 g‘;) 8655 039 85 040 85 041 8645 037 85  0.40
1415 (5) v, CO, B 873 052 8725 053 8725 054 872 0.47 8725 0.54
Phosphate v 1090 (vs) A 880 0.31 879 027 8795 027 879 023 8795 0.28
1040 (vs) B 14125 7.05 14125 676 14125 733 14125  6.08 14125 6.85
Phosphate v, 961 (m) 1451 6.18 1451 5.58 14525  6.33 1452 5.56 14515 5.82
Carbonate v, 879 (m) v; CO;4 1470 499 1471 515 14725 442 14725 398 14715 495
873 (m) 1501 2.56  1500.5 322 1501 337 15015 296 15005 3.02
OH 630 (w) A 1547 492 1548 296 15485 320 15485 297 15485 2.78
Phosphate v, 604 (vs) )
575 (s) H,O and organic matter 1639 5.08 1628 1.35 1625 1.74 1623.5 1.66 1623.5 1.15
565 (vs) 1669 3.04 1669 0.59 1661.5  0.81 1663 053 1662 0.88
Phosphate v, 472 (w)
Band intensities are designated by (vs) Area ratios Modern E1334 F72 123 L80
= very strong; (s) = strong; {m) = me-
dium; (w) = weak. The IR band at ~1650 A(879)/B(873) 0.605 0504 0497 0485 0511
cm™ (*) is very strong for modern enamel A(1547)/B(1412) 0.698 0438  0.437 048  0.406
and weak for fossil enamels; band posi- B(1412)/PO,(565)  0.637  0.662  0.693  0.649  0.664
tions are accurate to 1 cm B(873)/PO,(565) 0.047 0052  0.051  0.050  0.052

Table 4. Rietveld refinement results of fossil and modern red deer enamels with oxygens placed at 0,0, z = 0;

0.10;0.20

Red deer enamels Modern E1334 F72 L23 L80 OHAp+

Ca(l) z -0.0009(7)  0.0005(8) 0.0002(8) —0.0006(7) —0.0006(7) 0.0013(1)
n 0.323(4) 0.324(4) 0.312(4) 0.317(4) 0.314(4) 0.3333

Ca(2) X 0.2482(3)  0.2452(4) 0.2459(4)  0.2476(4)  0.2479(3) 0.2465(1)
y 0.9889(4)  0.9871(4)  0.9878(5)  0.9886(4)  0.9895(4) 0.9931(1)
n 0.472(6) 0.470(6) 0.446(6) 0.463(6) 0.458(5) 0.5

P X 0.3981(4)  0.3955(5) 0.3963(5) 0.3976(4)  0.3969(4)  0.3983(1)
y 0.3681(4)  0.3665(5) 0.3666(5) 0.3672(4)  0.3669(4) 0.3683(1)
n 0.447(5) 0.439(6) 0.419(6) 0.436(6) 0.442(5) 0.5

Oo(1) X 0.3324(7)  0.3359(9) 0.3323(9)  0.3333(8)  0.3333(7) 0.3282(2)
y 0.4845(8)  0.486(1) 0.485(1) 0.4857(9)  0.4855(8) 0.4846(1)
n 0.56(1) 0.49(1) 0.54(1) 0.54(1) 0.54(1) 0.5

0(2) X 0.5888(8)  0.5866(8)  0.5897(9)  0.5891(8)  0.5897(7) 0.5876(1)
y 0.4707(9)  0.4756(9) 0.477(1) 0.4716(9)  0.4722(8) 0.4652(1)
n 0.52(1) 0.54(1) 0.50(1) 0.52(1) 0.520(9) 0.5

0(3) X 0.3448(3)  0.3398(7) 0.3426(8) 0.3450(7)  0.3450(6) 0.3433(1)
y 0.2661(7)  0.2658(7) 0.2674(8) 0.2664(7)  0.2673(6) 0.2579(1)
z 0.069(1) 0.078(1) 0.079(1) 0.069(1) 0.072(1) 0.0704

O(H)(1) z* 0 0 0 0 0 0.1978(7)
nl 0.016(7) —0.025(8) —0.043(9) 0.010(7) 0.006(6) 0.3333

OH)(2) z* 0.10 0.10 0.10 0.10 0.10
n2 0.11(1) 0.10(1) 0.16(1) 0.12(1) 0.141(9)

O(H)(3) =z* 0.20 0.20 0.20 0.20 0.20
n3 0.172(7) 0.120(6) 0.141(8) 0.166(6) 0.176(6)

a(A) 9.4468(2)  9.4396(2) 9.4444(3) 9.4422(3)  9.4410(2) 9.424(4)

c(A) 6.8880(2)  6.8887(2) 6.8861(3) 6.8865(2)  6.8871(2) 6.879(4)

v (®) 120.022 120.014 120.019 120.019 120.003 120

Rwp 0.0804 0.0895 0.1041 0.0854 0.0805

Rp 0.0635 0.0703 0.0742 0.0668 0.0589

R-Bragg 0.079 0.078 0.083 0.084 0.068

The positional coordinates and thermal parameters of OHAp were used as the starting model
(*Sudarsanan and Young, 1969). Numbers in brackets are standard deviations at the last digit.
*Fixed value.

Table S. Rietveld refinement results of fossil and modern red deer enamels with oxygens placed
at 0,0, z = 0.05;0.15;0.25

Red deer enamels Modern E1334 F72 L23 L80
Ca(1) z —0.0009(7) 0.0007(7) 0.0006(9) —0.0006(7) -—0.0007(7)
n 0.323(4)  0.327(4)  0313(5)  0.316(4)  0.312(4)
Ca(2) x 0.2483(3) 0.2451(4) 0.2460(4) 0.2478(4) 0.2482(3)
y 0.9889(4) 0.9870(4) 0.9880(5) 0.9888(4) 0.9896(4)
n 0.471(5)  0.471(6)  0.446(6)  0.463(6)  0.456(5)
P X 0.3982(4) 0.3956(5) 0.3963(5) 0.3977(4) 0.3970(4)
y 0.3683(4) 0.3668(5) 0.3667(5) 0.3674(4) 0.3668(4)
n 0.447(5) 0.440(6) 0.417(6) 0.438(6) 0.439(5)
o(1) X 0.3324(7) 0.3354(9) 0.3325(9) 0.3333(8) 0.3331(7)
y 0.4854(8)  0.486(1)  0.485(1)  0.4861(9)  0.4852(8)
n 0.56(1) 0.50(1) 0.54(1) 0.54(1) 0.54(2)
0O(2) x 0.5888(8)  0.5868(8)  0.5896(9)  0.5893(8)  0.5897(8)
y 0.4706(9)  0.4762(9)  0.478(1)  0.4716(9)  0.4717(9)
n 0.53(1) 0.54(1) 0.50(1) 0.53(1) 0.52(1)
0(3) X 0.3451(7) 0.3396(8) 0.3424(9) 0.3456(7) 0.3452(7)
y 0.2663(6) 0.2658(8) 0.2672(8) 0.2668(7) 0.2671(7)
z 0.069(1) 0.079(1) 0.080(1) 0.069(1) 0.070(1)
O(H)(1) z* 0.05 0.05 0.05 0.05 0.05
nl 0.056(6) —0.004(6) —0.000(8) 0.060(6) 0.030(6)
O(H)(2) z* 0.15 0.15 0.15 0.15 0.15
n2 0.14(1) 0.13(1) 0.20(1) 0.15(1) 0.18(1)
O(H)(3) z* 0.25 0.25 0.25 0.25 0.25
n3 0.103(7) 0.064(6) 0.056(9) 0.103(7) 0.114(6)
Rwp 0.0804 0.0895 0.1051 0.0854 0.0805
Rp 0.0639 0.0707 0.0752 0.0670 0.0635
R-Bragg 0.078 0.078 0.085 0.083 0.074

Numbers in brackets are standard deviations at the last digit.
*Fixed value.
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Fig. 6. X-ray powder diffraction patterns for (A) the modern red deer cnamel and (B) L80 fossil red decr
enamel. The observed pattern (—) and the calculated pattern (. . .). The bottom continuous line yiclds
the difference between observed and calculated patterns.
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