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Can crystallinity be used to determine the degree of chemical

alteration of biogenic apatites?
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Abstract

A new Raman spectroscopic technique has been refined to more efficiently determine the crystallinity indices of biogenic

apatites. We investigate the possible relationships between the structure (crystallinity) and geochemistry (rare earth element

(REE), d18O) of biogenic apatites. A selection of phosphatic remains dated from present to about 510 Ma (Late Cambrian), for

most of which either the oxygen isotope compositions or REE patterns are available, has been characterized for crystallinity

using Raman spectroscopy. We define a new crystallinity index (CIRaman) from the ratio of the full width at half maximum

(FWHM) of the intense peak of the PO4 symmetric stretching mode in the sample and a reference magmatic apatite. In order to

compare our crystallinity index with CI used in previously published studies, we also analyzed part of our sample set with FT-

IR spectroscopy and X-ray diffractometry. A detailed study of natural samples demonstrates that crystallinity index is a poor

criterion for determining if a sample has been altered since deposition. This result is based on three major observations: (1)

independently of the CIRaman, the original geochemical signatures of the biogenic apatites can be preserved over a long period,

(2) strong geochemical perturbations (lowering of d18O values and of La/Sm ratios) may occur without detectable

recrystallization, and (3) alteration by heating, marked by the transformation of organic matter into graphite, produces REE

fractionations and limited oxygen isotope exchange with crustal aqueous fluids.
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1. Introduction

The stable isotope compositions and rare earth

element (REE) contents of biogenic phosphates have

been widely used for paleoenvironmental reconstruc-

tions (Piper, 1974; Elderfield and Greaves, 1982;

Kolodny et al., 1983; Kolodny and Luz, 1991;

Lécuyer et al., 1993; Picard et al., 1998). Oxygen

isotope compositions of phosphate from fossil

remains of marine ectotherm organisms (fish, cono-
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donts, lingulids) depend on both temperature and

composition of ambient seawater (Longinelli and

Nuti, 1973; Kolodny et al., 1983). Thus, oxygen

isotope compositions of fossil biogenic apatites have

been commonly used to reconstruct past seawater

temperature variations (e.g. Kolodny and Luz,

1991). The REE contents of apatites are useful in

paleoceanographic studies to identify seawater masses

and circulation patterns, or to quantify the redox state

of the ocean (e.g. Wright et al., 1984; Grandjean et al.,

1988). However, the primary biogenic apatite compo-

sition may be strongly modified by diagenetic pro-

cesses, and altered samples can provide erroneous

temperature estimates and REE compositions of water

masses. It is thus critical for paleoenvironmental

interpretations to distinguish between pristine and

altered phosphatic remains.

In addition to changes in geochemical composi-

tion, diagenesis and alteration can produce a modi-

fication of the overall material crystallinity (e.g.

crystal size, lattice defects). However, crystallinity

determinations are scarcely coupled with geochemi-

cal analyses of biogenic apatites. Shemesh (1990)

suggested that the shift in oxygen isotope composi-

tions of biogenic apatites, with respect to their

pristine compositions, could be related to changes

in crystallinity. Various techniques have been used to

define a crystallinity index (CI). Fourier Transform

Infrared spectroscopy (FT-IR) provides an index

based on the splitting of a triply degenerate symmet-

ric bending vibration of orthophosphate (Shemesh,

1990) in the apatite structure, whereas X-ray diffrac-

tometry gives a crystallinity index based upon the

splitting of the four X-ray reflection peaks of hy-

droxylapatite between 2.85 and 2.60 Å, as defined by

Person et al. (1995). We have developed a new

method of quantifying crystallinity using Raman

spectroscopy, which has the advantage of being

quick (10 min per sample), convenient because it

can be performed either on powders or small frag-

ments, and non-destructive. Our crystallinity index is

based on the measurement of the full width at half

maximum (FWHM) of the symmetric stretching

vibrations of the PUO bond in the PO4
3� group,

normalized to the FWHM of magmatic apatite used

as a standard. A well crystallized apatite will provide

a narrow peak, hence has a high crystallinity index,

whereas a decrease of crystallite size will cause an
increase of the linewidth, indicative of lowering CI

(Freeman et al., 2001).

Since most biogenic phosphates (except tooth

enamel) are originally poorly crystallized, it was

concluded that well crystallized apatites are the result

of recrystallization processes during diagenesis (She-

mesh, 1990; Stuart-Williams et al., 1996). However,

the crystallinities of biogenic apatites from various

parts (bones, enamel, dentine, shell) of various organ-

isms (conodonts, lingulids, fish, reptiles) have never

been compared in previous studies. In this study, we

combine classical X-ray and FT-IR spectroscopy with

Raman spectroscopy, which provides the same kind of

criteria as the other techniques (crystallinity index;

Freeman et al., 2001) and information on optical

properties of biogenic apatites via their luminescence.

Various biogenic phosphates (conodonts, lingulids,

reptiles, fish), characterized by different preservation

states, are analyzed in order to evaluate the biological

variability of the phosphate crystallinity, and to iden-

tify some mechanisms of apatite crystallization on the

basis of mineralogical and optical properties. The

crystallinity indices are compared to the oxygen

isotope compositions and REE contents of samples

to discuss alteration processes and the reliability of CI

to diagnose diagenesis.
2. Samples and analytical techniques

We used a magmatic apatite (hydroxy-fluorapatite)

as a high-crystallinity reference and a bone of modern

Dugong as a low-crystallinity sample. CI measure-

ments were performed on shell, conodont, enamel,

dentine, and whole tooth from reptiles, fish, and

lingulids of various stratigraphic periods (from Cam-

brian to present-day, Table 1). The whole set of

biogenic apatites was sampled from open marine

formations, except the fossil reptiles from Spain that

are of continental origin.

2.1. Raman and luminescence spectroscopy

Spectra of powered samples (0.1 mg) were collect-

ed in the back-scattering geometry through Olympus

ULWD50 or SLWD20 objectives using either a XY

DILORk microspectrometer or a LABRAM HR 800

microspectrometer. Both spectrometers are equipped



Table 2

Average crystallinity indices and relative carbonate content of

magmatic and biogenic apatites

Samples CIRaman

(average)

CIIR
(average)

CIX-ray
(average)

Carbonate/

phosphate

Reptiles

92210 0.50 3.74 0.13 0.60

L11 0.50 4.19 0.50

92154 0.56 3.91 0.58 0.50

cb1 0.37 3.22 0.83

Fossil fish

C3 0.54 4.37 0.26

93364 0.57 3.76 0.505

D11a 0.59 4.43 1.07 0.40

VSR 0.85 6.04 1.05 0.16

Modern fish

DSM3 0.32 2.79 0.64

DSM4 0.40 3.19 0.16 0.50

Fossil lingulids

ES5 0.44 3.89 0.69 0.51

ES6 0.35 4.15 0.605

Modern lingulids

JAP4 0.45 3.79 0.77 0.32

Conodonts

LSC11b 4.66 0.13

LSC12d 4.71 0.12

LSC13b 1.10 5.84 0.20

LSC14f 0.92 4.43 0.23

UQ31b 1.09 5.63 0.08

Magmatic apatite

apatmagm 1.00 3.51 1.03 0.21

Modern Dugong

Heating temperature

– 0.30 2.57 0.00 0.92

500 3.13 0.02

550 3.32 0.13

575 0.36 3.57 0.16 0.55

600 0.52 3.71 0.24 0.53

The CI calculations are described in the Sections 2 and 4, and the

carbonate/phosphate ratio calculation is detailed in the Section 3.2.
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with 1800 g/mm grating, and a slide width of 100–

120 Am was used, giving a band pass of about 2

cm� 1. The 514.5 nm line of an Ar laser was used for

excitation for measurements on the XY DILORk
microspectrometer, and the 632.8 nm line of a HeNe

laser for measurements on the LABRAM HR 800

microspectrometer. The reproducibility of the meas-

urements is about 1 cm� 1 for peak position, and 0.1–

0.5 for linewidth. Determination of the crystallinity

index (CIRaman) is detailed further in the text. High

temperatures were generated with a Leitzk 1350

heating stage.

2.2. Oxygen isotope and REE analyses

Phosphate from biogenic apatites was isolated as

Ag3PO4 crystals following the procedure of Lécuyer

et al. (1993), which was adapted from Crowson et al.

(1991). CO2 was extracted from silver phosphate

using a method (Lécuyer et al., 1998) modified from

O’Neil et al. (1994), and analyzed on a VG Prismk
mass spectrometer at the Ecole Normale Supérieure of

Lyon. Oxygen isotope compositions are quoted in the

d notation in per mil relative to SMOW (Standard

Mean Ocean Water), and the uncertainties are about

F 0.2x.

The sources of REE data are from Lécuyer et al.

(1998) for the lingulids, Girard and Albarède (1996)

and Girard and Lécuyer (2002) for the conodonts,

Picard et al. (2002) for the Jurassic fish and reptiles,

Lécuyer et al. (2004) for the Cretaceous fish, and

Grandjean et al. (1987) for sample P1A. The

geochemical data (d18O and REE) are reported in

Table 1.

2.3. IR-spectroscopy

Apatite samples were ground in an agate mortar

and pestle. Adsorbed water was removed from sam-

ples after 24 h of heating at 105 jC in presence of

anhydrite. Sample powders in the range 0.1–1.8 mg

were mixed with 40–60 mg of spectroscopic grade

KBr. This mixture was then pressed under 10 ton load

into a 6 mm size pellet. Infrared spectra were obtained

between 2000 and 370 cm� 1 on a Spectrum GX FT-

IR (Perkin Elmer) spectrometer. Interferences with air

were corrected by subtracting its spectrum from the

sample spectrum. The Crystallinity Index (CIIR) is
calculated following the method described in She-

mesh (1990):

CIIR ¼ ðA605 þ A565Þ=A590

where Ax is the absorbance at wave number x,

assuming a straight baseline between 750 and 450
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cm� 1 (Weiner and Bar Yosef, 1990). Results are

reported in Table 2.

2.4. X-ray diffraction

Analyses were performed using a diffractometer

SIEMENS D500 equipped with a copper cathode tube.

In order to compare measurements of the same param-

eters, we used the same crystallinity index (CIX-ray) as

Person et al. (1996), which is based on the degree of

resolution of the four X-ray reflections between 2.85

and 2.60 Å. Height is measured between the value at

the top of a peak and the value of the minimum

separating it from the following peak. Precise values

of the top and minimum intensities are obtained after

deconvolution of the spectra using standard routines

and Voigt type profiles. These values divided by the

net intensity of the highest peak give the value of the

CIX-ray as follow:

CIX�ray ¼ ðH½202� þ H½300� þ H½112�Þ=H½211�

where H[202], H[300], H[112], and H[211] are the

heights of the peaks corresponding to the reflections

(202), (300), (112) and (211), respectively. A CIX-ray
value of 0 corresponds to the case for which no peak

splitting is visible from the broad hump between 2.85

and 2.60 Å. The CIX-ray values are reported in Table 2.
3. Raman and IR spectra

3.1. Raman spectra

The three groups of intense peaks corresponding to

the internal modes of vibrations of the PO4 tetrahedra

can be observed in the 420–470, 570–610, 963, and

1020–1090 cm� 1 ranges (Fig. 1a). The Raman spec-

tra show distinct shapes depending on the structural

properties of biogenic phosphates (Fig. 1). The spec-

trum of the reference magmatic apatite shows the

intense peaks corresponding to the vibrations of the

PUO bond. A broad luminescence is observed, cen-

tered at 2300 cm� 1 (17135 cm� 1 in absolute wave-

number), which is probably related to Mn2 +. Three

groups of peaks can be distinguished near 1700, 2730,

and 3950 cm� 1 wavenumbers (17135, 16705 and

15485 cm� 1 in absolute wavenumber; Fig. 1a), which
correspond to the presence of the trivalent REE Sm3 +

(Gaft et al., 1996). Among the biogenic apatites, two

families of spectra can be distinguished:

(1) A first family shows a broad and intense

luminescence due to the presence of organic

matter (Fig. 1b). Due to this strong luminescence,

a potential signal from the luminescent elements

(Mn2 +, REE) is expected to be completely hidden,

and only the most intense Raman peak (PO4

stretching mode) can be observed.

(2) A second family has a low fluorescence resulting

from the presence of organic matter, and disor-

dered graphite peaks are observed at about 1350

and 1600 cm� 1 wavenumber (Fig. 1c). The

Raman signal from the phosphate is less masked

by the fluorescence than in the former family of

spectra. This type of spectrum is associated with

low d18O values (below 17x) and bell-shaped

REE pattern (La/Sm ratios lower than 0.3).

The existence of two groups of Raman spectra can

be explained by an alteration process in relation to

the thermal history of the studied samples. The

amount of organic matter in well-preserved biogenic

apatites is large enough to produce an intense lumi-

nescence observed in the Raman spectra, which hides

the signal of all possible other components present in

the sample apart from the strong Raman PO4 sym-

metric stretching peak. In some altered biogenic

apatites, this luminescence is rather limited and a

signal of disordered graphite is observed. This can be

observed in samples that have been naturally heated

during a low-grade metamorphism (e.g. Nevada

fossil fish, Coumiac and La Serre conodonts). Above

a given temperature, organic matter is transformed

into graphite, an observation which is consistent with

the experimental study of Person et al. (1996) who

measured the variation in bone mineralogy with

heating using X-ray diffraction. Fresh bone powder

was heated in a furnace for 1 h at different temper-

atures. After heating to 300 jC, transformation of

bone organic carbon into elemental carbon has oc-

curred. Heating at 400 jC leads to an oxidation of

the remaining organic carbon as CO2. Alteration of

organic matter to carbon has also been documented

in other phosphatic remains (Lee et al., 1998). When

considering the Color Alteration Index (Epstein et



Fig. 1. Three representative Raman spectra. (a) Magmatic apatite spectrum. The four groups of intense peaks correspond to the internal modes of

vibrations of the PO4
3� tetrahedra. The more sizeable peak corresponds to the symmetric stretching vibration of the PO4

3� group. The broad

luminescence centered near the wavenumber 2300 cm� 1 is probably related to Mn2 +. Three groups of peaks (near 1700, 2730, and 3950 cm� 1)

corresponding to the presence of trivalent REE Sm3 + can be observed. (b) Pristine biogenic apatite spectrum (Australian conodont). An intense

luminescence due to the presence of organic matter hides the signal of all possible other components present in apatite except for the strong

Raman PO4
3� symmetric stretching. (c) Heat-altered sample spectrum (UQ31c). Disordered graphite peaks are observed, associated with a

decrease in the organic matter luminescence.
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al., 1977), values from 2 to 2.5 were measured in

conodont samples of La Serre and Coumiac localities

(Girard and Albarède, 1996) and indicate alteration

temperatures less than 200 jC. In these conodonts,

the observation of elemental carbon that derived

from the reduction of organic matter at temperatures

lower than those in experiments by Person et al.

(1996) is likely due to kinetic effects, allowing the

achievement of the reaction over a geologic time-
scale (1–10 Ma). If the absence of graphite does not

prove that the samples are pristine, the occurrence of

graphite provides however an unambiguous criterion

for alteration.

3.2. IR spectra

A representative IR spectrum of fossil fish tooth

enamel is presented in Fig. 2. All bioapatite IR



Fig. 2. Typical Infrared spectrum of a fossil fish tooth enamel

(D11a01). The three intense absorbance peaks of the phosphate

group occur at 1037, 604, and 564 cm� 1. The three peaks

representing B-type carbonate substitution are observed at 1459,

1421 cm� 1 (stretching modes), and 874 cm� 1 (deformational

modes). The relative intensities of the carbonate peaks to phosphate

peaks can be used to estimate the relative carbonate content of the

samples as described in Section 3.2.
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spectra show the three intense absorbance peaks of

the phosphatic radical: the main absorbance peak is

recorded at 1041 cm� 1, and the doublet representa-

tive of the triply degenerate antisymmetric bending

vibration of the PO4
3� is recorded at 605 and 568

cm� 1 (average values). For the magmatic apatite, the

three peaks are slightly shifted towards 1043, 603,

and 573 cm� 1. The conodont spectra resemble more

the magmatic apatite spectra than the other bioapatite

spectra, with phosphate absorbance bands at 1046,

603, and 574 cm� 1. We attribute the set of absorp-

tion peaks of CO3
2 � at 1460 and 1425 cm� 1

(stretching modes), and 870 cm� 1 (deformational

modes), to B-type carbonate substitution (replace-

ment of PO4
3� by CO3

2�, along with the substitution

of Ca2 +by Na+or K+ to preserve the electroneutrality;

Shemesh, 1990; Dahm and Risnes, 1999). Absorp-

tion bands likely related to the presence of organic
matter occur around 1655 cm� 1 in the modern fish

and modern lingulid spectra, but are only present as a

weak shoulder in the fossil fish, reptile, and lingulid

spectra.

The IR spectra can be used to estimate the

relative carbonate content of the apatites by using

the ratio of intensities of the two strongest carbonate

peaks (1460 and 1425 cm� 1) and the two phosphate

peaks at 605 and 568 cm� 1, on the basis of a

straight baseline defined between 500 and 2000

cm� 1. The phosphate band in the 1041 cm� 1

region was often out of scale (sections too thick)

and was not considered in the calculation. The

relative carbonate content is calculated as follows

(Table 2):

carbonate=phosphate ¼ ½AAVþ BBV�=½CCVþ DDV�

(see Fig. 2 for notation)
4. Raman crystallinity index

The crystallinity index is quantified by using the

most intense peak (963 cm� 1) corresponding to the

symmetric stretching vibration of the PO4
3� group,

from which two parameters can be characterized: the

frequency m, and the full width at half maximum

(FWHM), C. A well-crystallized apatite has a narrow

peak, while a crystal with a high carbonate content or

an apatite composed of smaller crystals has a broader

peak (e.g. Penel et al., 1998; Baig et al., 1999;

Freeman et al., 2001). Variation in the peak position

and width is also related to the chemical composi-

tions (e.g. carbonate content), although this affects

only slightly the symmetric stretching vibration of the

phosphatic group, according to Penel et al. (1998).

These two parameters (C and m) were obtained by

deconvoluting the spectra in the 800–1100 cm� 1

range using standard routines and Voigt or Pearson

type profiles for the Raman peaks (Table 1). Results

are depicted in Fig. 3 where a strong dispersion is

observed both in position and width (up to 30 cm� 1)

when using the 514.5 nm line for excitation (Fig. 3a).

This dispersion is more important than the commonly

observed range for highly and poorly crystallized

apatites. These two ‘end-members’ are represented

in our study by the values obtained for the reference



Fig. 3. Evolution of the FWHM with the peak wavenumber in biogenic apatites, (a) when using the 514.5 nm line for excitation, and (b) when

using the 632.8 nm line. The linear evolution of the standard magmatic apatite peak FWHM vs. peak wavenumber with in situ temperature (see

Table 3 and Section 4) at constant crystallinity is represented by the thick dotted black line. Highly and poorly crystallized apatites are

represented by the unheated magmatic apatite and by the unheated modern Dugong bone, respectively. The two small grey circles represent the

FWHM and peak wavenumber evolution of the modern Dugong bone due to a variation of crystallinity induced by a heating of the samples in a

furnace for 1 h at different temperatures (see Table 4 and Section 4). The biogenic apatite FWHM and peak wavenumber distribution (Table 1)

follows a roughly linear evolution parallel to that of the in situ high temperature spectra of the magmatic apatite, indicating local heating of the

biogenic samples by the 514.5 nm line during the Raman experiment. Additional scattering is due to structural and chemical variations

(crystallinity, carbonate content).
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Table 3

Raman peak parameters of the magmatic apatite measured at

various in situ temperatures

Peak

wavenumber

(cm� 1)

FWHM

(cm� 1)

In situ

temperature

(jC)

962.7 5.4 22

962.0 6.1 105

960.9 7.3 202

960.1 8.0 272

958.7 9.5 376

956.5 12.1 476

955.3 13.4 576

953.4 15.4 673

952.0 17.3 758

950.5 18.9 837

949.1 19.8 915

947.9 21.0 986

946.9 22.6 1065

945.3 24.5 1155

943.7 26.3 1295

962.6a 5.7a 22a

a Measurements that are made when returning to initial

conditions (temperature of 22 jC).
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magmatic apatite and Dugong bone, which are com-

parable to previously published data (Penel et

al., 1998; Freeman et al., 2001). In contrast, the
Fig. 4. Variation of the three crystallinity indices (inferred from Raman an

samples of a heated modern Dugong bone (Table 2) with the heating temp

which the samples have been heated for an hour.
measurements made on the same samples using the

632.8 nm excitation line yield a reduced range for

both position and FWHM of the peak, that is similar

to the range defined by the magmatic apatite and

Dugong bone values. Thus, the large variability

observed in the Fig. 3a cannot be explained either

by a variation in the crystallinity, or by a variation in

the carbonate content only. Changing either the

carbonate content or the crystallinity leads to increase

the peakwidth, from about 5 to 17 cm� 1, with minute

changes in the peak frequency, from about 964 to

960.5 cm� 1, as shown in Fig. 3b. The only effect that

can produce major shifts in the peak position and

width is a local heating resulting from the high

absorption of the 514.5 nm laser light in samples

containing organic matter and impurities such as iron

hydroxides. Absorption is much weaker near 630 nm,

and no or little heating effect is observed using the

632.8 line.

In order to test this hypothesis, we have recorded

the in situ variations of m and C for the magmatic

reference sample with temperature varying from 22

to 1295 jC (Table 3 and Fig. 3). With increasing

temperature, the m versus C relationship is linear with

a negative slope of 1.09 and an increasing peak
d FT-IR spectroscopy, and from X-ray diffractometry) measured on

erature. The heating temperature is the temperature of the furnace in



Fig. 5. Correlation between the relative carbonate content (represented by the carbonate/phosphate ratio) of biogenic and magmatic apatites with

crystallinity, for the three different techniques (Raman and FT-IR spectroscopy, and X-ray diffractometry). The carbonate/phosphate ratio

calculation is detailed in Section 3.2.
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width. This effect is fully reversible and occurs at

constant crystallinity. Its magnitude is comparable to

the variation in the observed frequency in fossil
Fig. 6. Representation of the Crystallinity Index of the samples according to

of the data with the median value of the variable displayed as a line. The t

population. The line extending from the top to bottom of each box mark

range. Values outside this range are called outliers.
samples (Fig. 3a), indicating that large heating may

occur during the Raman spectrum collection when

using the 514.5 excitation line. Therefore, the values
the different categories of biogenic apatite. Each box encloses 50%

op and bottom of the box mark the limits of F 25% of the variable

s the minimum and maximum values that fall within an acceptable
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below 960.5 cm� 1 were rejected. The crystallinity

index is calculated as follow:

CIRaman ¼ 4:9=y

The value of 4.9 cm� 1 corresponds to the average of

the FWHM of the standard magmatic apatite (see

Table 1). A well-crystallized apatite provides a nar-

row peak, which means a high crystallinity index.

The reproducibility of the FWHM is about 0.5

cm� 1, which corresponds to a range of reproduc-

ibility from 0.01 to 0.21 for the crystallinity index.

Typically, high CIRaman are close to 1 (e.g. cono-

donts) and low crystallinities are characterized by

CIRaman below 0.5 (e.g. reptiles and modern fish;

Table 2).
Table 4

Heating temperature and corresponding peak parameters and

CIRaman of samples of a modern Dugong bone

Samples Heating

temperature

(jC)

Peak

wavenumber

(cm� 1)

FWHM

(cm� 1)

CIRaman

osent010 – 960.8 16.6 0.30

osent011 – 960.9 16.8 0.29

osent012 – 960.9 16.7 0.29

osent013 – 961.0 17.2 0.28

dugact.01a – 961.0 14.4 0.34

dugact.02a – 960.5 17.3 0.28

dugact.03a – 960.6 17.3 0.28

osent020 575 962.1 12.5 0.39

osent021 575 961.7 13.9 0.35

osent022 575 961.9 13.2 0.37

osent023 575 962.4 14.4 0.34

osent024 600 962.4 8.4 0.58

osent025 600 962.2 10.3 0.48

osent026 600 961.3 10.0 0.49

osent027 600 961.6 9.1 0.54

a Samples analyzed with the 632.8 nm line used for excitation.

The other samples have been analyzed using the 514.5 nm

excitation line. The heating temperature corresponds to the

temperature of the furnace in which the samples have been heated

for 1 h, then quenched.
5. Comparison of crystallinity measurements

The CI defined above is now compared to the

commonly used CI’s, based on FT-IR spectroscopy

or X-ray diffraction (Shemesh, 1990; Person et al.,

1995). For that purpose, we followed the experimen-

tal procedure of Person et al. (1996) to produce

samples of various and controlled crystallinities.

Four aliquots of powdered modern Dugong bone

have been heated in a furnace for 1 h at different

temperatures (500, 550, 575, and 600 jC), then let to

cool down at room temperature. The bone powders

have then been analyzed for crystallinity measure-

ments with Raman, FT-IR spectroscopy, and X-ray

diffractometry in order to compare the various crys-

tallinity indices. In addition, we analyzed a selection

of bioapatites (Tables 2 and 4) with FTIR and X-ray

diffraction.

As shown in Fig. 4, there is a similar increase of

the crystallinity index with heating temperature when

using the three techniques. However, contrasting with

the progressive variation of CIIR with heating temper-

ature, CIX-ray and CIRaman show abrupt changes be-

tween 550 and 600 jC. These various trends can be

explained by the different correlation lengths probed

by these techniques, i.e. of the order of the 1 Am for

both Raman and X-ray, and 20 Am for the IR. This

means that FT-IR will be sensitive to crystallinity

changes at low crystallinities while Raman and X-

ray are more sensitive to changes at relatively high
crystallinities. Thus, we do not expect linear correla-

tions between the different CI’s.

When looking more closely at the crystallinity

index values provided by the analysis of apatites

using IR spectrometry, the magmatic apatite CIIR is

lower than the one of the heated Dugong bone. This

effect likely results from an additional factor that

could be a difference in the carbonate content between

the two samples, as suggested by the correlation of CI

with the carbonate/phosphate ratio (Fig. 5). The

dependence of CI’s on carbonate content is more

important for the spectroscopic data than for X-ray

diffraction; this is particularly the case for FTIR, as

already noticed in several studies (De Mul et al.,

1986; Penel et al., 1998; Baig et al., 1999; Freeman

et al., 2001). It may explain why this latter index may

not be a reliable index for recrystallisation, as an

increase of crystallinity can be compensated by an

increase of carbonate content and yield a constant CI.

Additional chemical factors such as fluorine concen-

tration may affect CI’s but have not been considered

here.

Despite the intrinsic quality of the X-ray data to

quantify the crystallinity index of apatites, its deter-
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mination remains difficult on small samples. We

emphasize that the CIRaman is less affected by the

carbonate content effect than the CIIR, and permits the

rapid analysis of very small samples. Therefore, we

retained the Raman crystallinity index to discuss

alteration processes and its reliability as a criterion

for identifying diagenesis.
6. Raman CI measurements of biogenic

phosphates

The crystallinity index values are given in Table 1

and reported in Fig. 6 according to their biological

affinities. They range globally from 0.25 to 1.44 and an

increase of the average crystallinity can be distin-

guished between modern (0.39) and fossil (0.59) apa-

tites (Table 5). Inside this large CIRaman range of

biogenic phosphates, two non-overlapping groups

corresponding to biomaterials of various origins can

be discerned. Conodonts are always very well crystal-
    

Fig. 7. d18O versus Crystallinity Index for biogenic apatites. The dotted line

biogenic apatite from marine environment may be considered as disturbed

evidence of correlation between these two parameters, and the CIRaman ind
lized, with an average CIRaman of 1.05, whereas lin-

gulids have the lowest average CIRaman (0.39). Reptiles

and fish lie between these two extremes with average

CIRaman of 0.49 and 0.52, respectively. Fish and con-

odonts show a very important natural variability when

compared to other categories (CIRaman range of about

0.70–0.75).Within fish, this variability is not related to

the biological variability (no significant difference

between Chondrichthyans and Osteichthyans). A slight

difference in the mean CIRaman can be observed with

values of 0.55 for enamel fish tooth and 0.50 for fish

dentine. If the maximum value is higher for enamel

than for dentine, there is a large overlap between these

two groups of CI values (Fig. 6). The different phos-

phatic tissues (bones, turtle plates, enamel tooth, whole

tooth, dentine) cannot be distinguished on the basis of

CIRaman. Therefore, the large range of CIRaman mea-

sured in the complete sample collection is partly related

to the apatite biologic origin, and also to a natural

internal variability. This internal variability may arise

from either the intrinsic heterogeneity of biogenic
represents the limit below which the oxygen isotope composition of

by diagenetic processes (see Section 7 for more details). There is no

ex does not allow to discriminate altered from original d18O values.
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materials or from different chemical compositions of

the samples such as the carbonate content (Fig. 5).
7. Relation between crystallinity and alteration of

biogenic apatites?

We have reported the d18O versus the CIRaman

values of biogenic phosphates (Fig. 7) to test whether

CI discriminates between altered and pristine samples

as was previously suggested by Shemesh (1990). We

do not observe any significant correlation between the

d18O and the CIRaman values of analyzed samples.

Looking more closely at fossils deposited in open

marine environments, no trend is observed for d18O
values lower than 17x, a limit below which the

oxygen isotope compositions of phosphate from apa-

tite may be considered as disturbed by diagenetic

processes, i.e. partly or totally reequilibrated with

post-depositional non-marine aqueous fluids (e.g.

Longinelli, 1966; O’Neil, 1987). Oxygen isotope

compositions of marine biogenic phosphates are
Fig. 8. La/Sm normalized to NASC (Gromet et al., 1984) versus Crystalli

((La/Sm)N < 0.3) below which the samples are interpreted as altered materia

(La/Sm)N, which is used as a criterion to distinguish between altered and
expected to lie between 17xand 27xover the

Phanerozoic. This range of isotope compositions is

inferred from both variations in the sea surface tem-

peratures (T= 5 to 30 jC) and composition of seawa-

ter (� 2x< d18O < + 2x; Lécuyer and Allemand,

1999), according to fractionation equations deter-

mined for fish and lingulids (Kolodny et al., 1983;

Lécuyer et al., 1996).

These observations suggest that the crystallinity

index cannot be used as a criterion to identify bio-

genic apatites whose original oxygen isotope compo-

sitions have been modified during post-depositional

isotopic exchange. Our results disagree with those

given by Shemesh (1990) who concluded that the

crystallinity index is a useful tool for deciphering

geochemically altered biogenic phosphates. Shemesh

(1990) related the crystallinity index to the d18O
values and proposed that only samples with low

crystallinity indices should be considered as well-

preserved apatites suitable for geochemical studies.

Shemesh (1990), indeed, considered two groups of

fossil biogenic phosphates; those with high CIIR and
nity Index for biogenic apatites. The dotted line represents the limit

l (Reynard et al., 1999). There is no correlation between CIRaman and

pristine material.
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low d18O values, considered as altered, and those with

low CIIR and higher d18O values, considered as well

preserved. The studied altered fish remains from

Nevada as well as the Astheracanthus fossil fish from

western Europe have similar characteristics to those

studied by Shemesh (1990). However, some Pycno-

dontidae (D11a, P15p) with d18O values considered as

pristine are better crystallized than the altered lingul-

ids (ES5, ES6, ES8). We also document a third group

of samples that are the fish from the Spitzbergen

Island, characterized by both very low d18O and low

CIRaman values. The isotopic and crystallographic

properties of these samples reveal the existence of

an alteration mode that strongly modifies the oxygen

composition of apatites without involving significant

recrystallization. In contrast, Stuart-Williams et al.

(1996), showed using IR-spectroscopy on fossil hu-

man bones that considerable recrystallization–disso-

lution processes can occur without changing d18O.
We also investigated possible correlations between

the REE content and crystallinity of biogenic phos-

phates. The La/Sm ratio normalized to the North

American Shale Composite (NASC) (Gromet et al.,

1984) can be used to track recrystallization processes

(Reynard et al., 1999). Reynard et al. (1999) have

shown that a bell-shaped REE pattern, characterized

by a La/Sm ratio (normalized to the NASC) lower

than 0.3, can be explained by the recrystallization of

biogenic apatites in the presence of water during

‘‘extensive’’ or ‘‘late’’ diagenesis. However, it is

noteworthy that potential changes in the REE com-

position of apatites during a diagenetic event do not

imply that the oxygen isotope composition is affected

as well since the apatite–water partitioning laws of

REE and oxygen isotopes are not comparable. Again,

we do not observe any correlation between La/Sm and

CIRaman of the studied samples (Fig. 8). Therefore, we

conclude that there is no simple relationship between

the chemistry and crystallinity of apatites, and the CI

alone cannot be used to diagnose any geochemical

alteration (REE, d18O) of fossil biogenic apatites.
8. Conclusion

Comparison of the crystallinity indices of heated

modern Dugong bone samples inferred from Raman,

FT-IR spectroscopy and X-ray diffractometry showed
that the different CIs actually increase with increasing

crystallinity, but at different rates, and that FTIR is

especially sensitive to compositional effect such as

varying carbonate content. The Raman CI displays a

similar behavior to X-ray CI, is less affected by the

influence of the carbonate content on crystallinity than

IR spectroscopy, and allows the rapid analysis of very

small samples. Thus, Raman CI was used in this study

to test the reliability of crystallinity as a criterion to

identify diagenesis in biogenic apatites.

In contradiction with previous studies, we showed

that the crystallinity index cannot provide an unam-

biguous criterion to discriminate between pristine

samples and samples which have suffered diagenetic

overprint. Firstly, the crystallinity of biogenic phos-

phates depends mostly on the apatite biologic origin.

Secondly, within each category of biogenic apatite,

crystallinity is highly variable, which may be due to

the heterogeneity of the biological material or to

carbonate content. This natural variability is larger

than the differences induced by diagenetic recrystalli-

zation of biogenic apatites. Thirdly, two alteration

modes are identified:

(1) A high temperature alteration, marked by the

presence of graphite derived from the alteration of

the organic matter in biogenic apatites. The

samples have low d18O values and bell-shaped

REE spectra with low La/Sm ratios.

(2) An alteration mode which strongly modifies the

original geochemical compositions without sig-

nificant CIRaman variation. The low d18O values of

biogenic apatites likely result from post-deposi-

tional isotopic exchange with crustal waters

(meteoric or metamorphic).

No average structural criterion can describe the alter-

ation processes, and the preservation state of all the

samples cannot be unequivocally determined from

Raman spectra of fossil apatites. However, the iden-

tification of graphite in biogenic apatites precludes

their use for palaeoenvironmental reconstructions.
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