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Abstract

The chemical and isotop@ompositiors of biogenic apatitareimportant geochemical marksgr

which can suffer modificationguringfossilisation Compared with modern onesskil apatites
generally exhibivariators LQ FDUERQDWH FRQWHQW HQULFKPHQW LQ
elements and an increase in crystallinpjprameters Detailed understanding of these
transformatios induced by fossilisatioshould help assess the preservation of geochemical
records in apatites. In this contribution, we investigate ttaasformationof modern bone
altered under controlled conditiandodern bonesamplesvere soaked iaqueousolutionsof

neutral to alkaline pH9-10) for one and thregveeks at various temperatures @td70 °C)

and experiments wereduplicated in fluorinéree and in 16 M NaF solutions.Bone
transformation was monitored through the modifications of chemical (F, Ca, P) and isotopic
(A3C, 8O, '80p) composition as well agsing vibrational (ATRFTIR, Raman) andsolid-

state(*H, 13C, 1°F) NMR spectroscopieShe observed modifications sustain a transformation
mechanism through partial dissolution of biogenic apatite and precipitation of secondary
apatite. This transformation occurs irrespective of the presence or absence of fluorine and leads
to the formationof carbonateébearing fluorapatite orcarbonatebearing hydroxylapatite,

respectivelyThe fraction of secondary apatite seems to be limite@®®%6, suggesting that its



formation has a protecting role against further dissolution of the primary ap&iite.
observatiorof clumped(CQOs%, F) defectin the structural Bsite of some samples as well as
perturbation of the isotopic compositioatiestto carbonatencorporation in the secondary
apatite. Although the incorporation of fluoride ions can serve as a probaling dissolution
recrystalli@tion of bone, the present study also underlines the difficulty to systematically relate

mineralogical transformati@itoan opersystem behaviour ihioapatite.
1. Introduction

Bonesand teetlare composed of three constituents: a mineral component and a fraction of
organic and water molecules (Pasteris et 2008). Themineral componentis a form of
hydroxytdeficient nanocrystalline carbonatebearing hydroxylapatite (Cas(PQs)3(OH))
(Elliott, 2002) During biominerakation, the stable isotope compositerof structural
carbonate and phosphate groupbimapatite recoréh combination oenvironmental features
and biologcal processeLarbon and oxygen isotope ratiexpressed as3C and /180 value$
in bioapatitereflect that of ingested foodeNiro and Epsteinl978;Lee-Thorp et al. 1989;
Cerling and Harris1999;Passey et gl2005)and drinking wate(Longinelli, 1984).They can
provide information on the diaty preferencefCerling etal., 1999 of vertebrateandon the
climatic conditions that prevailed in the environmésticke et al. 1998;Levin et al, 2006)
The stable isotope compositisrof fossil remains of vertebrateme thus widely used to
reconstruct past climates apdst environments (e.¢gcohn and Cerling2002; Amiot et al,
2004;Kingston and Harrisgr2007; Tutken et al.2008 Roche et aJ.2013.

The fossilisation processvolves several mechanisms tleain affect the mineralogical and
crystalchemical composition ofertebrateskeletal tissuesiegradation of the organic matrix,
variation of the carbonate contediageneticenrichmenbf exogenous tracelementsuch as
rare earth elements antluorine, as well as anncrease in crystallinitfe.g. Hedges2002;
Trueman et al.2008 Roche et aJ.201Q Reynard and Balter, 2014&eenan et al.2015.
However not all skeletal tissues exhibit the same cheratoattural characteristics.dBes
consist of about 50 vol% of 2 nm thick, 10-20 nm wide and 280 nm longapatitic
nanocrystalltesind a nedy equivalent volume of collagen fibri(&limcher, 2006; Pasteris et
al., 2008) In contrast, tooth enameliisade of 190 vol% of largea apatitecrystallitesand low
organic matteand watercontent(LeGerosand LeGeros1984, Elliott 2002) In bones, the
smaller crystal size leads to a high specific surface area, resulting in higher reactivity and

solubility compared to tooth enamgleGeros1991, Berna et a).2004). Boneis thusexpected



to be less resistant to pasbrtem alteratiothan the more mirralised and less porous tooth
enamelMichel et al, 1995;Lee-Thorp and Sponheimg2003; Pasterisand Ding 2009. For
this reason paleoenvironmental reconstructions continental environmentare mainly
carried out based on stable isotope analysiessil ename(Wang and Cerlingl994; Ayliffe
et al, 1994. However, fossil enamel may be scarce in certain fossilisation conterteagh
bone fossils can beetrieved in larger quant#isanda few major taxalo not haveanyteeth
such asmostbirds turtlesor primitive fish. Moreover, vhile enamel ismineralsed during
childhoodin mammalsbone apatitalsoprovides dietary informatioabout adult life stages
that can be filher completedby thejoint stable isotope analysis obllagen whenpreserved
(Lee-Thorp and Sponheimer2003 LeeThorp, 2008. Furthermore the study of bone
diagenetic processes has wide implicati@ng.in archaeological contextghere preservation
assessment of bones is key to bone collagen ddtielgon et al. 2016) and in oceanic
environmeng wherebiomineraligd tissues obevonianfish shed light on theiontogenyand

taphonomy(Chevrinais et al2015.

Overall, fossil bones and teatftendisplay a transformation of the original apatite towards
a carbonated fluorapatite. This transformatian be understood in the light of the more general
processes of mineral replacement reactions through disseheoystallisation at the
solid/soluton interface (Putnis, 200Putnis and Putnis, 200Wang et al., 2013 It most likely
occurs via a dissolution/recrystallization mechanism driven by the lower solubility of
fluorapatite Kolodny, 1996;Trueman and Tuross, 2P0 Recent study of early dignetic
processes suggested that formation of flueenached apatite can occur rapidly, within one
month of burial (Keenaand Engel2017). Studies that have focused on the incorporation of
rare earth and trace elements in fossil bone also suggestiftoaion processes pervasively
affect the organanineralcompositgMillard and Hedgesl 996, Kohn2008).Accordingly, he
extent of diagenetic transformatioresn be assessed from the chemical or isotopic cotigosi
characteristics of fossilsyhereas optical or scanning electron microscopic observations may

fail to detect incipient transformations of apatite.

Mineralogical investigations based wabrational FTIR or Ramanspectra and Xray
diffraction (XRD) can also bring precious infoation on the transformations of biomaterials.
They often rest on the estimation of crystallinitgdices (Shemesh1990, Weiner and Bar
Yosef 1990, Rerson et al. 1995Sillen and Morris1996, Sponheimer and Le&horp, 1999,
accounting for modificationsf the size and/or structural order of apatite particldgese

indices are techniqualependent and can differently reflect the naturaterogeneity of



bioapatites (Surovell and Stingt001; Nakano et al2002).As a result, explicit correlations
are hadly identified between crystallinity indices andake in trace elements or perturbation

of the isotopic compositioaf fossils(Pucéat et al2004; Truemaret al, 2008).

These previous studies call fordepth analysis of the atomic scadensformations of bone
when exposed to aqueous fluidis.the presentontribution artificial alteration experiments
are carried out ormodern bonesamplesin order tobetter specify thephysicachemical
mechanisms involveth bone diagenesis. Modificatis of the chemical and stable isotope

1 & 190) compositions observed on the reacted samples are interpreted under tifaHight
crystatchemical transformations inferred fraimeir vibrationalspectra (ATRFTIR, Raman),
solid-stateNuclear Magneti Resonance'{F, 13C, and'H NMR) spectraandX-ray diffraction
(XRD) patterns. Aspecialattention is given to the role of fluog and to the behaviour of

structural carbonate groupsthe transformation mechanism
2. Materials and Methods
2.1. Samplesdescriptionand alteration conditions

The materials used in the followiradferationexperimentsll come from anetapodiabone
of modernox, TH1, collected on the shores of the Bogoria Lake (Kerais samplgresengd
the usual characteristics of biological bone and no evidence was found of significant alteration
prior to performing the following experiment$wo types of samplewere investigated to
provide complementary results: bone powders albfor a highrate d transformation and
bone wafers providespatialy resolvedinformationabout the alteration procedhe cortical
bone was sawn into 1 to 2 mmide andthick, and about 5 mm longafersusing alow-speed
IsoMet diamondedged sawBone powdersvere obtainedwith arotary drill equipped witha
diamondtipped burrand ground with an agate mortar and pesfleese bone wafers and
powders were used directly in the alteration experiments described below without any pre
treatmentEither thebone wafer obone powder (600 mg weresoaked in 10@nL of solution
SUHSDUHG IURP BQO-6.LA BBNOW)for variousamouns of time listed in
Table 1without stirring The ®lutionwasthen filteredto collect thepowder sample while the
waferwasretrieved andinsedwith MilliQ water. In both casesamplesverethenleft to dry
overnight in @ ovenat 60°C. Various alteration conditions were investigatedl are described
in Table 1.Following the protocol used fone experimental fluoretionof modern horse tooth
by Pasteriand Ding(2009),a phosphate buffesolution (Fisher Chemical, Fisher Scientific
UK, Loughborough, Leics) was used at pHA7phosphatdree 20 mM piperazine 1 1-fis(2



ethanesulfonic acid)PIPES)solution 3 R U JD Q L F wBsalddHddtedas pH 7 bufferFor
alkaline conditios, 100 mL ofKOH solutions at pH 910> M) and pH10 (104 M) were used

For each pH conditionalteration experiments were duplicated using either a fludrew
solution or dluorinated solution with a 1®M NaF concentratioriThroughout the manuscript,

each experiment is referred to by a letter, the prime symbol referring to the fluorinated sample.
Reacted samples in fluorisfeee solutions will be referred to as control gdes. Finally, a
natural samle originating from the sedimentary phosphate deposit of Taiba, Senegal, was used

as a reference samgta carbonatedluorapatite (GFap;Morin et al. 2002).
2.2. Analytical echniqus

Fluorine content an@a/Pratios are reported in TableRor each analysi¢00mg of sample
was dissolved irb mL of a 30%suprapurenitric acid solution for 1h aB0°C following the
protocol previously used biaureret al. (2011). Fluorine content was measured us&g
fluoride ion selective electrod®gttler Toledg, Cawas measured bgnergy dispersiv-ray
fluorescencgNiton XL3t ThermoFischerscientific) and phosphorus by spectrophatetry
(Milton Roy Spectronic 30%pectrometgr The estimated analytical erloased on the analysis
of a certified reference material (bone ash SRM 148@yessed as RSB 11% for F, 3% for
Ca and 4% for P.

ATR-FTIR spectra were recordagsing a Quest ATR device and a Nicolet 6700 FTIR
spectrometerA few milligrams of prepowder samples were packed at the surface of the ATR
crystal and twalifferentspectra were recorddor each samplaysingeither adiamond or a Ge
ATR crystal between 400 and 4000 cny averaging 200 scans with a resolution of 11cm
The use of a dimond (n = 2.4) ATR crystal allows the detection of relatively wesahkds such
asthose ascribed tetructuralcarbonategroups whereasGe (n = 4) ATR is lessaffected by
electrostatic effestand provides a better insight into the sample msiwopicstructure(Aufort
et al, 2016 Balan et al.2019. All ATR spectra ae reported in absorbance units A=lad)
where b and kare the intengis of the incident and reflected lightespectively.Detailed
analysis of the; PQw and > COs ATR-FTIR bandswas performed after a baseline subtraction
using the Baseline Spline procedure from Igor Wavemefifc&valuate the asymmetry of the

1 POy band,the Half Width at Half Maximum on the high frequency side (HWHM) was
determined byonstructing a veital line at the position of the peak maximum and measuring

the width from that line to the high frequency side of the band at half maximum.



Raman spectra were obtained using a Renislmia Reflex spectrometerThe Raman
instrument hadbeen initially calibrated using a standard Ne&ogon lamp and the frequency
calibration was checked and corrected daily usingsiicon wafer (peak at 520 ci). A
microscope was used to focus @2 nm laser beam on a 23 P spot with a 50 long
working distanceobjective (numerical aperture 0.45A maximal 5mW laser powerwas
deliveredat the sample surfacensuring negligible thermal effecDetailed analysis of the,

POy Raman peak was performed after a baseline subtraction using the Baseline Spline
procedure from Igor wavemetrics. Spectral parameters were extracted by fitting with a Voigt

function withan uncertainty on peak position and widtht@® 1 cm!and+0.5 cm!respectively.

X-Ray powderdiffraction measurementsvere carried outon a Panalytical Empyrean
diffractometer using Cu K radiation VR XU F.H C .. =1.544426A) and a
P1Xcel3D detectarX-ray data were collected betweghandl13 f ZLOWKfD VMrHS
7 h. Cell parametersnpean coherent domain (MCD) sizasd microstrain were refined using
Le Bail methodasimplementedn theFullprof software(RodriguezCarvaja) 1993). Starting
from the known cell parametersagbatite, the LeBalil refinements converged rapidly. Since the
peak width wassignificantly larger than the instrumentaésolution (0.05° a = 50°),
Lorentzian isotropic size (Y) aridbrentzian isotropic strain (X) parameters were refined. The
two effectscan be decoupled on the diagram measured over a wide angular range because the
first induce a peak broadening as Y/doshereas the second as XtRihen, anisotropic
refinements of size parameters significantly improve the fit and the correspondingabpheri

harmanic coefficients are given in Table S1

Singlepulse 1%F magic angle spinning (MASNMR experiments were performed on an
Avance700Brukerspectrometerl(6.3T) operating a658.93MHz using a 4mmrotorat a 14
kHz spinning frequencyCrosspolarization'’3C CP MAS NMR experiments were performed
on an Arance300Bruker spectrometeasperating at Larmor frequency of 75.9MHz using a
7 mm rotor at a %kHz spinning frequencySinglepulse'H MAS NMR experiments were
performed on an Avance 700 Bruker spectrometer operating at 700.29 MHz using a 2.5 mm

rotor at a30 kHz spinning frequency.

Stable isotope measurements wpeeformedon the carbonatend phosphate components
of altered bong@owdersamples. For the carbonate compontrd,carbon and oxygen isotope
FRPSRVLWLRQV ZH& HiORphRY Sabhples weighin@00 gwereanalysed on
a Kiel 1V device coupled to a DeltaVAdvantage IRMS. Samples were reactedvawlam



with 100% orthophosphoric acid @°C to generate water vapour and carbon dioxites
resultant CQwas then purified in an automatic cryogenic trappingesypdMeasurements were
normalised to the NBS 19 standarfC = 1.95+0.02 A 3'% D 8@ =/28.64+ Av-
SMOW,; n= 3). The stable oxygen isotopatio of carbonate in bioapatite was calculated using
the temperatureependent fractionation facttetween calcite and GJKim et al, 2007).
Uncertainties given are calculated from measuring the samples three Regasding the
oxygen isotope composition of tiphosphate component*®Opnosphaty, apatite powders were
treated following the protocdlescribed byCrowson et al. (1991lightly modified byLécuyer

et al. (1993) This protocol consists in the isolation of structural phosphate in apatite as silver
phosphate (AgPQy) crystals using acid dissolution and anrexchange resifter dissolution

of 15mg of powdered bone inrAL of 2M HF at 25 °C for 24 h, the CaFesiduewasseparated
from the solution thatontaired the phosphate by centrifugatioiihis solutionwas then
neutralised by adding 2.2 mL of 2 M KOHmhen,2.5 mLof Amberlite Eaniornrexchange resin
was added to the solution to separate the*R@hs The solutiorwas removed after 24 and
the resinwaseluted with27.5mL of 0.5M NH4NOs for 4 h. A volume of0.5 mL of NHsOH
and15mL of an ammoniacal solution &fgNOs were then added and the samplese placed

in a thermostatd bath at 70°C for 7 hallowing the precipitation of AdPQ crystals.Oxygen
isotope compositions were measured using/arioPYROcubé" elemental analysefEA)
interfaced in continuous floCF) mode to anlsopriméM isotopic ratio mass spectrometer
hosted bythe Laboratoire de Géologie de Lyon (Université Claude Bernaodeachsample,
ILYH DOLT X Rgvef\siNRI paosphate were mixed withe same ammt of puregraphite
powderin silver foil capsulesand pyrolysis was performed at 14%D. Measurements were
calibrated against the NBS120c standard whose value was fixed atA21.BSMOW)
according to Lécuyer et al. (19980d the NBS127 (barium sulfate, BaSOP0O=9.3 A 9
SMOW); Hut 1987) NBS120c standards that were converted into silver phosphate from each
FKHPLVWU\ EDW F#O,Kdlu¥ bf 20.78:19.81Q8 / ©5).

3. Results
3.1. Chemicatompositionof bone samples

Fluorine content of the unaltered boméll andcontrol sample is about 0.2 wt%Table 2)
Fluorinated bone powders at Ttontain 2.0+2.5 wt.% fluorire whereas the bone powder
fluorinated at 20°C (§ contains only 1.6 wt.%uorine. The Ca/Pmolar ratio of the unaltered
bone is1.57, consistent with the range of values found in bddileft and LeGerqsl991,
Kourkoumeliset al, 2012 andslightly belowthe 1.67 value for eachember hydroxylapatite



All altered bone powderdave higher CaP molar ratios rangingfrom 1.64 to 1.86, values
typically found inarchaeological and fossil bon@eiche et a].2003) No significant variation
in Ca/P nolar ratio is observed froraontrolto fluorinated samplebut sampleshat reacted

with phosphate buffered solutions display lower Ca/P ratios than the.others
3.2 Oxygen and carbon isotopic compositions

Oxygen and carbon isotope compositidres, 80caronate 80phosphate D GG, df altered
bone powder samples are reported in T&bl®nly minor deviation from the original oxygen
isotope composition of structural carbonate in the-albered bone (3613 A V-SMOW) is
observedLQ ERQH SRZGHUV DOWHUHG ¥AumbarBBS S E X 11 H U
352t0374 A 9SMOW). In contrast bone powders altered in alkaline conditions exhibit
lower /8Qcaroravalues rangingfrom 328to 341 A 9SMOW). The situation is reversed
when considering oxygen phosphate isotopamasitiors. The 80ynospate Of SamMples altered
in a phosphate buffer rangetween 2Gand 2.7 A. These values asignificantlylower than
the initial TH1 value 25.8 A). Considering that inorganic oxygen exchange of phosphate
groups is a very slow procedsecuyer et 311999 Sharpet al, 2000 Zazzo et a].2004), this
suggests incorporai of phosphate species from the phosphate huifach displays a ligter
oxygen isotopic compositiof12.6 A 9SMOW). Other samples, altered in alkaline conditions
and organic buffer, display valuesngingfrom 263t0271 A 9SMOW) close to that of the
starting material (25.8.). Based on isotopic compositions, it is thusgible to distinguish two
groups: bone powders altered in a phosphate buffer and bone powders altered in all other
conditions. This is most apparent when comparing oxygen isotope composition of phosphate,
80phosphate With carbonate, 180camonae(Fig 12). While oxygen isotope compositions of
samples altered in alkaline conditions or in the organic buffer fall close td"4®eimonate-
80Opnosphatecorrelation line for bioapatites (e.g. Lécuyer et 2010), samples altered in the
phosphate buffereliate due to significantly lowef8Opnosprary/alues. Importantly, the type of
buffer used has mor@afluenceon the isotopic composition than the presence or absence of
fluoride. Indeed, isotopic compositions do not vary significantly from-floorinated samples
to their fluorinated counterpart®egarding carbon isotope compositions (Fig 1b), samples
altered ina phosphatdufferedconditionalsoshow overall ~0.8.8 A lower /3C values than

other samplegegardless of the presence or absendei@ifne.

3.3 X-ray diffraction



XRD patterns show apatit@sthe onlycrystalline phas@resentn altered bone powders
(Figure Sl)Variations in cell parameters indicatesystematic decrease in the lattice parameter
a from control tofluorinatedbone powdersTable 3). The a cell parameter of the original
unaltered bone sample TH1 is 9.447 Values ofa cell parametein samples fluorinated at
70°Care systematically lower andnge between 9.392 and 9.378 A iAtermediatevalue is
obtained for the sample fluorinated at 20°C (9.40%B8)sistent with its lower fluoria content
andcloser to that of the origindlH1 sample(9.417A). The process of soaking bone powders
in solution leads to a significadecreasefahe stran parameteand all altered sampalisplay
smaller mean coherent domairMCD) sizes in both [020] and [003] directions than the
unaltered bone, TH{Table 3) Moderately largetMCD sizes are observed in fluorinated

samples compared to control samples{@a).
3.4. Vibrational spectroscopistudy of bone samples
3.4.1.ATR-FTIR spectrum of bone samples

Both diamond and Ge AHRTIR spectraf modern bone (Figre 2, Figure S2 displaythe

characteristiabsorption bands ascribed to the internal vibrations of apatite phosphate groups,

to the structural carbonatecorporatedat the A and B siteghydroxyl and phosphate sites,
respectively) of apatite structuesd to the amide bands related to the collagatrix (e.qg.
Elliott, 2002,Chadefaux et gl2009. Intense bandebserved between 550 af@0cm!and
between 1010 anti090cn1!are related to thes PQy bending and 3 POy stretching modes of
the structural phosphate groups respectively, while the weakeraba@0cnt!is related to
the 1 PQy streching modeAs previously observed by Aufort et al. (2016), the line steaye
particularly the widttof the strong s and 3 PQs bands isffectedby macroscopic electrostatic
effects i.e.relatedo electrostatic interactions betwesgmatiteparticlesand thereforeepending
onporosity, grain size and shapes of partidlegontrastthe position and line shapewéaker
and narrower bargisuch as the; PQs band areless affected bthese electrostatic effeasd
arethus expected to provide a better insiglt ithe shortrangeorder of the crystal structure
(Balan & al., 2011 Aufort et al, 2016 2018 2019. However, theoverlap of the 1 POy band
with the strongerz PQs bandin the diamond ATR spectrusignificantly affects the line shape
of the 1 POy band.In Ge ATRFTIR spectra, the overlap betwearand 3 PQ;bands is less
pronouncedinformation related to the structural order of altered sanwesthusextracted
from the comparison of1 PO; Ge ATRFTIR bandsafter baseline subtraction (Figur&)S
Note that a systematic decrease in the intensity of amide bands is observed in tR&IRTR

spectra of all altered bone samples compared to that of unalteredTihisidecrease reflects



the degradation of collagen and is more signifidardgamples altexd in a phosphate buffer at
f& ' DQG i WIKHGVDPSOH 10 XR UfoiQuiith the&sarid® | ISanrd sardty
visible on the ATRFTIR spectrgFigure S2).

3.4.2. Sructural ordeprobed by phosphatébrational modes in ATHETIR and Ramaspectra
3.4.2.1. Phosphate stretching bands in AFRIR spectra

The 1 POy Ge ATRFTIR bandis located at-960cmtin modern ox bone TH1 and at
~966¢ntlin the carbonated fluorapatite f&p) sample It is well modeled by darge and
dominantlyGaussian signal in TH1 while it displays a pronounced Lorentzian shapEap.C
The 1 POyGe ATRFTIR bandis systematicallghifted towards higher frequenciesall bone
powder samples altered with fluoarcompared to theinonfluorinatedcounterpartgFigure
3). This shift towards higher vibrational frequencissconsistentwith the unit cell volume
contraction typically associated witfluoride ion incorporation in thepatitechannel sitesAll
bone powders altered with fluoenat70°C (DTE F{ G Y display a shift ofr 2.0- 2.5cnm?
compared to their respectiveonfluorinated counterpart§Table 4). This shift is less
pronounced (0.8 cm?l) for the bone powder altered in a phosphate buffer at 20°C (C+NaF).
This isconsistentwith the lower fluorne content(1.6 %) measured irthis sample Table 2)
than in bones altered at 70°C (26%). Indeed, theincrease in 1 PO Ge ATRFTIR
frequency correlates witthe increase irfluorine content (Figurea). In contrast, theull
Width at Half Maximum (FWHM) of the 1 PQyband isnot directly correlated witlfluoride
ion incorporation Overall, no significant narrowing of the bnd is observed from nen
fluorinated tofluorinated samples (Table 4). The line shape asymmetry wassessedy
comparinghe Half Width atHalf Maximum(HWHM) on the high frequency side of the band
to the corresponding full width (FWHMvhich issystematially lower influorinated sample
(Table 4). The asymmetry parameter, defined as-t:*9*/ ©(9* / ;increases with
increasing frequency of ther PQy band (Figure $4b). The infrared splitting factor(IRSF,
Weiner and BaiYosef, 1990 determined from the; POy bands on the Ge ATRTIR spectra
is also broadly correlated to frequency of ta® Q; band(Figure S5).

3.4.2.2. Phosphate stretching bands in Raman spectra

Complementary information on tffi@orine incorporatiorand structural order of the sample
can also be dhined from Raman spectroscopy upward shift ¢1 cm?) in the band position
of 1PQsstretch and a decreasé ¢ntl) in FWHM was observed in theafersample altered

in NaF for1 week at 20C (ExperimentA; Figure 48). These observations aie agreement



with theresults offluorination experiments carried out by Pastarisl Ding(2009 on dentine
under similarconditions and indicate fluomnincorporation in thetructure This is consistent
with thesimilar wealer resistance to alteration of both bone and dentine relative toed e
to smaller crystallite size®o furtherpeak positiorshift and decrease FWHM were observed
with increagd NaF concentratior{1 M), as previously observed Wasterisand Ding(2009),

andfurther fluorination experiments werearried outwith 102 M NaF solutions

A more pronouncedpward shift £2.5 cm?) in the 1 POy band position and decreasé (
cm?) in FWHM was observed ithe bonepowdersample altered with NaF M for 3 weeks
at 20°C compared to theontrolsample(Experiment CfFigure 4b). For both samples, Raman
spectra werecollected on various grains to chethe homogeneity reproducibility and
significance of the variations observiadboth peak position and FWHM helongerduration
of the experimenand thelargerinterface beveenpowderand solutioncan account for the
more important variationa Ramarspectral features observed in leigg4b compared to Figre
4a Spectral parameters, i.e. position of the phosphate peak, FWHM and asypanateter,
of the other altered bone powder samples are reported in Table 4.

Concerning the bone wafers soaked in the organic budfe3 fveeks at 70°C (experiment
H), an upward shift€ 3cntl) in the 1 PQywband position and a decrease é cnt?) in FWHM
was observed in the bone wafer altered with NaFNMI@ompared to the control waf@figure
4c, Table S2. For both samplefRaman spectra were collectedatranset surface obtained
by cutting perpendicular to the largest fadehe waferto obtain a crossection in which only
the outer edges of the transect have been in direct contact with the s®latiaan spectra were
collectedat variousspotsalongthe transect surfacérom the edges to the centte provide
spatial information o the incorporationof fluorine. Compared to spectra recorded on various
grains of the bone powder (fige 4b), agreater heterogeneity in peak positiamsl FWHM
ranging 959.7 960.6cnmtand 17.1- 13.0cnrtand962.9- 963.8cntland 12.59.3cmfor the
control and fluorinated samples respectiyéyobserved betweespectra collected aarious
spots on théransectsHowever, no regular trend was observed from the edges to the core of
the wafer.The wholetransectis thus affected by fluanation, with somespatialvariations

suggesting fluoride diffusion through tbelk wafer, i.e.at the millimetre scale.

A decrease in Raman FWHM is systematically observed in sangaletedwvith fluorinated
solutions Raman spectroscopy thus comfi the results obtained with PQ: Ge ATRFTIR
bands and attests of tingher degree of crystalinorderin artificially fluorinated samples.



Note thatRamanasymmetry parameters are about twice lower than BeiATR-FTIR

counterparts (Table 4).

3.4.2 Ehvironment ofstructuralcarbonategroups inferred from the, COz band in ATR

FTIR spectra

Regarding structural carbonate groupsnaond ATRFTIR bands related to the out-of-
plane bending mode of GEgroupsin bonepowdersamplesare observed &79-881cm for
A sites and871-873 cmr for B sites(Figure 53). The broad band cenéd at ~866865 cn?,
resulting in a significant asymmetry towards low wavenumbeiascribed to labile carbonate
groups (Rey et al. 198%ichel et al.1995) After normaliation of the intensityising the 4
PQ: band dl altered bone samples exhibit a lower carbonate combam theoriginal TH1
sample Furthermorethe > COs band intensitydecreases from neffuorinated to fluorinated
bone sampleBone powders altered with fluorine in alkaline conditioR§ G ¥ or at neutral
pH in an organic buffer (B display an additional signal at 86&t. This signal matchethat
observed in the reference sedimentary carbonated fluorapatite (Blguiee.a narrow peak
observed at ~86&m. It has beenstribedto a clumped (Cé&¥, F) defect substituting for the
phosphate group in the apatite structure and has also been observed in fossil teeth from the East
African Rift (Yi et al. 2013, 2014)n contrast, no signal corresponding tsttilumped (CG*
, F) defect is observed in bone powders altered with theéoim a phosphate buffer (CD Y.
The clumped defecsignalin the bone powdesamplefluorinated in an organic buffer (Jis
less intensé€by ~2/3)thanin bone powders fluorinated in alkaline conditions{|(6  Figure
5b). Note that there is no significant variation in A/B carbonate ratios betmaefiuorinated
samples and their fluorinated counterpamgardless of whether tislumped (CG*, F) defect

is formed or nat

Ge ATR-FTIR spectraof non-fluorinatedbone powders, normadid usingthe 4 PQiband
intensity,are reported in Figur86a. Although displaying a lower signal/noise rati@e ATR
FTIR spectraof bonepowders soaked in a phosphate buffer (C, 0§} D0 reveal the presence
of a weak and broad signeélowthe > COs bandon its high frequency sideat ~890cm?
(Figure S6a and SB). This spectral feature could not be observed in the matching diamond
ATR-FTIR spectra, due to the strong overlap with the electrostatically broadeR€&dband.
Thissignalis accompanied by a decrease in carbonate content compared to the other samples.
Apfelbaum et al.(1992) observed a similar spectral feature RiilR spectra ofsynthetic
carbonated apatites with low carbonate contentsaandbed it to HP@ ions. Indeed, he P-

OH stretching modef HPQy?- absorbs in the same spectral region aBebending modeas



pointed outby Arends and Davidson (1974) who asses$edcbntribution of HP@ ions to
the > COssignal inhealthyand pathologic enamalNopenka and Pasteris (2005) also reported
on the presence of an additional weak Raman peak arourar@ calcium phosphate phases
containing HP@* ions. The presence oHPQy? ionsis thus inferredn samplegeacted with

phosphate buffered solutians
3.5. Nuclear Magnetic Resonance spectrosooipyone samples

The 13C CP MAS NMR spectum of modern bone displayao componentselated to A
type (~68ppm) and Btype (~1D ppm) carbonate substitutions,componenat ~173175
ppmrelated to the carboxylic acids from amino acids in the organic masriwgll as numerous
signals between 10 and 80 ppm correspondingrganicfunctionsthat are enhancelly the
CrossPolarisation sequencéFigure 6a). The 13C CP MAS NMR spectra of bone powders
altered inDQ RUJDQLF EXIIHU H[SH UfluBringed akaline ($plutibrQ(E QR Q
display a moderate decrease in the signals ascribed to the organic matrix comparédto the
CP MAS NMR spectrum of unaltered bone. In contragictraof bone powders altered in a
phosphate buffe(experimens D  'fland in fluorinatesc DONDOLQH VROAKWLRQ
significant degradation of the organic matrix, which is alnostl LQ W KH 'INu®tR O H
the lower signato-noise ratio inthis sample indicates a less effective cregslarisation
betweenH and 13C nucleidue to a lower amount of protonRegarding thechemical
environment of thearbonag¢ groupsall 13C specta display predominantly Btype signalsat
~170 ppm which is consistent with the predominant nature of théyBe substitution in

bioapatitegFigure 6b)

The 1%F MAS NMR spectra of bones altered with fhilme display a main signal at
~-102 ppm ascribed to-kons incorporated in the channel sites of the apatite strudtigwe
7). This signal i9oroackr in bone sampld§WHM of 6.1 ppmat 20°C and 3-4.1ppm at 70°¢
than inthe referencesedimentary carbonated fluorapatiie8 ppm) A less intense signas
observed in sedimeaty carbonated fluorapatite €8 ppm and corresponds to tk&imped
(COs?, F) defectsubstituing for the phosphate grouip the structure of carbonated fluorapatite
(Yietal. 2013. Due to the low 4 kHz spinning frequency of the rotor this experimentthe
chemical shift anisotropy distributes an important contribution offltieine signd into the
spinning side bands.oF thisreasonjwo spinningside bandsre representeon each side of
the isotropic signalto better assedhe presence or absence of clumped defect in the altered
samplesBone powders altered with fluoe in alkaline conditions (f G Y display the signal
at-88 ppmwhile samples altered in a phosphate buf@#fD §do not which is consistent with



the observations made tme > COz; band ofdiamond ATRFTIR spectral®F NMR spectra of

F fland Gfsuggest that the proportion of fluoride ions incorporated in the channel sites is far
greater than that incorporated in the clumped defect, with the area of the clumped defect signal
representing about 1% of the tot&f NMR spectrum area in both samplélslike the > COz
band,no defect signatould beobservedn the sample altered in the organic buffer§j(As
observed in Fid, the intensity of the clumped defect in theCOs diamond ATRFTIR band

is lower forE fthan inF fand GY Furthermorethe broadness angosition(-82.2ppm) of the

first spinning side band on the low ppm siday hindeithe NMR signal of the clumped defect

in E I The overlap beteenthis spinning side band aralpredictablyweakclumped defectF
signalcouldexplainwhy the latteris not visible in thé’F MAS NMR spectrunof E

IH MAS NMR specta of altered bongdisplay a signal at 0 ppm corresponding to the
hydroxyl growps located in the channel sitadiphatic signals betweehand2 ppm associated
with the organic matrix of the bone and a large sigabF5 ppm related to adsorbed water
(Figure S7). In the unaltered bone, TH&hannehydroxyl groupsarenot observed because of
their low concentratiofPasteris et 312004 Cho et al. 2013 andsignificant overlapof their
NMR signalwith aliphatic signals from the orga matrix. The contribution of aliphatic signals
is reduced in artificiallaltered bone powderns, agreementvith thedegradation of the organic
component observeid their resgctive 13C NMR spectraAll samples altered with fluonhe
displaya weakerOH channekignal,consistent with an occupation of channel sites by &id
F ions A semi quantitative estimation of tfiectionof OH groups replacelly F ions can be
obtained by matching the baseline dudfe organic componewf the control sample and its
counterpart altered with fluox@. The OH signal is then fitted by a Gaussian function for the
control sample and a Gaussian of identical wadtt positioris used ¢ fit the OH signal of the
sample altered with fluane. In the artificially fluorinated sample§H channekignak range
from 4 to 12% of that observed in nefluorinated samples (TablB). A stoichiometric
hydroxylapatite contains about 3m.% of OH groups but due to a high proportion of vacancies
at anionic sites in bonelgss tharhalf of OH sites are typically filled with OH groups (Loong
et al, 2000, with estimations in the literature ranging from substantial depletion (e %. @0
the expected amount in Cho et al. 2003) to near absence of OH groupB4dsteris et al.
2004). Even if all channel sitesvere occupied by OH groupm the control bone samples
percentages of remaining OH groups afteorination would not exceed®.4 wt. %. This is
consistent with thaighfluorine contents measured in the fluorinated samples, ranging between

1.6 and S wt%. Note that the maximum fluove amount that can be incorporated in the



channel sites of apatite is 3:8%, therefore not all channel sites are occupied tiyoF OH

ions inthe fluorinated bone samples investigated here.
4. Discussion
4.1 Evidence of secondary apatite formation

All reacted samples display significant changes of the chemical, isotopic and structural
properties of apatite with respect to tbeginal bone.In line with previous observation by
Pasteris and Ding (2009)hese changes can be interpreted as neguftom the partial
dissolution of primary biogenic material and formation of a secondary aphtitect a
systematic occurrence of fluoridens in apatite channel sites of samples reacted with
fluorinated solutions is attested by thEF NMR specta and can bimferred from theupward
shift in ATR-FTIR and Ramani1 POy band positionsand correlated decrease afcell
parameter(Tables 3 and 4Figure S8). Based on the study of Brenan (1994), setdte
diffusion of fluorinein the crystallitess not expected to be an efficient process in the range of
alteration conditions investigated here, e.g. 3 weeks ah@@0°C, even though the defective
nature of biologic apatite might facilitate chemical diffusion with respect toamgditallised
samples Several observations also reveal significant changes pointing to the formation of a
secondary phase. These changes include the observation of ig®0ps and modification of
180,nosphatevValue in the samples reacted with phosphate buffered solutamsyell as the
formation of the (C@, F) defect in some of the reacted samples. However, the lack of
HIWHQVLYH QiPQbddsla@ddF RMR signals in altered bone samples also suggests

that dissolution and reprecipitation of a new phase is@mplete process

Based on these consideraton W KPPy Ge ATRFTIR bands were fitted using a two
componenimodel. One of the component is a Gaussian function, whose position and width
were kept fixed to that of the unaltered bone TH1. $beond component is described by a
Lorentzian function whose position was kept fixed to that of the reference carbonated
fluorapatite sample in fluorinated samples and was let freerflmorinated samples (Figure
3). Assuming that extinction coefficienfor the 1 POy band are similar in both phasesisi
expected that the relative proportion of these two spectroscopic contribmadeithe fraction
of PQu groups occurring in the primary and secondary apatite. Thus, it should reflect the relative
molar proportions of both phasda.fluorinated samples, percentages of the secondary phase
DUH DERXW LQ VDPSOHVY DOWHUHG DW f& "1 (1T )Y

20°C. In norfluorinated samples, the second component is observed a#+®&25 cmt and

*



DFFRXQWYV IRU WRiPO: *RISWHEK HE DMRGV BR QVLVWHQW®O\ WKH

PQ: band reported as a function of the fraction of secondary apatite broadly defines two distinct
linear trends depending on the presence or absence of flu&itee 8). For fluorinated
samples, the linear trend points to the frequency of the referenbenesed fluorapatite
whereas for the other sampiégoints to a frequency slightly above that of hydrapatite

(962.9 cnt, from Balan et al.2011and Aufort et al.2016. For fluorinated samples, the F
concentration reported as a function of secondaatite fraction also supports a mixing model
involving the starting material and newly formed fluorapatisplaying & almost fult
occupancy of the apatite channel sites by fluoriienost full channel occupancy in the
secondary phase is also cotesig with the corresponding very weak OH signal observed in the
IH NMR spectra.

This set of observations supports the precipitation of a secondary phase induced by a partial
dissolution of the original bioapatite in all reacted bone samples.nbteswvorthy that the
secondary apatite can consist in fluorapatite or hydegatite, depending on the composition
of the altering aqueous solution. Accordingly, fluorine does not appelae a key element
driving the transformation of bone apatite. HowgVluorinated samples tend to display a
larger proportion of secondary apatite, suggesting a higtterof transformation. A higher
precipitation rate of fluorapatite is expected due to its lower solubility and corresponding larger
chemical affinity ofthe precipitation reaction compared to that of hydlapstite (Elliott
2002) In both instances, the driving force of the transformation is likely the solubility
difference between the secondary phase and the more soluble bioadp4tike.in the
fluorinated samples the formatiarf carbonated fluorapatite is driven by its lower solubility
compared to that of bioapatite (Kolodny, 1996; Trueman and Tuross,, #&@8placement of
bioapatite by a less carbonated and more hydroxylagatitephasein the case of bones
samples altered without fluorinepuld bedriven bythe lowersolubility of hydroxylapatite
compared to that of carbonated bioapaterna et al. 2004)Another feature emerging from
the present series of experiments is an apparent maxaduancement of the transformation
reaction, with a fraction of secondary apatite limited at ~6B#ie that an estimate of the
fraction of secondary fluorapatite can also be inferred from the fluorine content measured in
the fluorinated bone powders. Iradk by considering that pure fluorapatite contains 3.77 wt.%

F, the fluorinated samples with F contents ranging fram®2.5 wt.% shouldonsist of about
48 to 61% of fluorapatite which supports the findings from the PQs band decomposition.
The limited range of transformation, irrespective of the alteration conditions, suggests that the



secondary phaseould have a protecting role against their further transformafions it is
likely that theformation of secondary apatiteccus at the suface of initial grains The
degradatiomegree of the collagen matrirferred from amide bands in AFTRTIR spectra and
the signals ascribed to carboxylic functions and aliphatic carbd#s MR spectragdoes not

seem to affect the advancement ofdbpatite transformation.
4.2. Carbonate incorporation in secondary apatite

The oxygen and carbon isotopic compositions of structural carbonate dronp$ossil
apatitesare important proxies for pmo-environmental reconstruction¥he behaviour of
carbonate groups during aqueous alteration of teeth and bones thus despeatsdtention.

In the present study, the overall decrease in H&0; band intensity of reacted samples,
suggests that the secondary apatite phaskepsetd in carbonatecomparedto the initial

material. However, several observations also indicate that it is not carfimresate

In the fluorinated samples, the (€0 F) defect is readily identified from itspecific
vibrational and NMR spectsgopic properties. Such atomscale modification of the
environment of carbonate groups substituted for phosphate groups is a strong indication of their
incorpordion during the precipitation of the secondary apatite from the soluitican iorrby-
ion attachment model of crystal growth, incorporation at th&t® involves a competition
betweenPQ;andCOz groups.A high concentration of phosphate in solutisrthusexpected
to inhibit carbonate incorporation at thesige, precludinghe formation of the clumped defect

in phosphate buffered solutions.

In the absence of (C&, F) defect, the 2COsz band reveals little modification of the
carbonate environment or-#xpe to Btype ratio, which could suggest that only structural
carbonate groups initially present in the bone apatiégpreserved in these reacted samples.
However, the oxygen and carbisotopic compositiosof structural carbonates contradict this
LQWHUSUHW D WCRQIuesbK HERORAHD OQWHUHG LQ D SKRVSKDWH
suggesincorporation of organic carbon, characterised by IoM@£2C ratios (typically~ - 20
A LeeThorp et al. 1989 Koch, 1999 than apatite structural carbonatiéely originating
from the degradation of the collagen matrix. This is consistent with the significant loss of the
signal corresponding to carboxylic functions observedGnNMR for ' D Q Gsaffiples. The
oxygen isotopiccomposition also reveals system opening. Samples tend to display a broad
negative correlation as a function of secondary apatite fraction. Contrary to phosphate, oxygen

exchange between carbonate in solution and water molecules occurs (&yaitg and



Celling, 1994, Lécuyeet al, 1999 Geisler et a).2012. Consequently, the variation of the
I80caborate Y DOXHV FRPELQHG ZL¥Cih 20pkR alteve driRRalkyline Dr@iyarnic
buffer conditions, where the relative preservation of the orgaatcix limits the incorporation

of lighter organic carbongould reflect a partial rncorporation of carbonate during the
transformation of apatite via dissolution and reprecipation from solution. It is noteworthy that
the carbon and oxygen isotope comsipons of structural carbonates in samples altered in
alkaline conditions display similar variations irrespective of the presence or absence i fluori

suggesting réncorporation of carbonate groujpssimilar quantities

4.3. Comparison of infrared and Raman spectroscopy in the determination of apatite structural

order

Structural changes of fossil apatite are often characterized by crystallinity indices obtained
from infrared spectroscopy, Raman spectroscopy aayXdiffraction. Although usually
displaying similar trends, these indices are often poorly correlated because they differ in
physical natureRogers and Danigl2002 Pucét et al, 2004 Trueman 2008 Thompsoret
al., 2009. In the present study,specialD WWHQWLRQ ZDV JEPAMBOATRRTW KH XVH
band to infer the degree of transformation of reacted samples. In previous @ugli®asteris
and Ding 2009 Puceéat et al2004) W KOs bands observed in Raman spectroscopy were
also used to idr the structural state of experimentally or naturally altered biogenic apatite
samples. It is thus relevant to compare the information obtained from IR and Raman
spectroscopy using closely related vibrational modes. We hoteever that in crystalline
aSDWLWH WIRE, digga\bbisérveld in the Raman spectrum is related to a A irreducible
representationt differsfrom the vibrational mode belonging to a E irreducitglpresentation
and corresponding to the weakP Qs signal of the IR spectruniéroy et al, 200Q Ulian and
Valdré 2018. Both types of vibrational modes however display very close frequencies. In the
present study, the position of thePQ: Ge ATRFTIR band correlates well with that of the
Raman 1 PQy (Figure9a), both spectroscopies showing the same extent of frequency shift from
nonfluorinated to fluorinated bone samples. Howewaman and Ge ATRTIR FWHM do
not correlate well (Figur@b). Indeed,the 1 PQ: Raman peaks are narrower and more
symmetric thanheir Ge ATRFTIR counterparts, the Raman asymmetry parameters being
about half bat of ATRFTIR peaks (Figuredc). This difference could be related to the
observation thaheRaman intensity is more strongly affectedstryictural distaionsthan the
infrared one (Ulian and Valdr&018). As a consequence, the smaller carbonate content of

secondary apatite might lead to an increase in its Raman scattering efficiency, leading to an



overexpression of its contribution the Raman spectra. Correspondingly, th® O, Raman
peaks appear as narrower and more symmetric than their infrared countdgoartsese
observations illustrate how the physical processes involved in related but different probing

techniques can affedté determination of sample structural order.
4.4. Implications for fossiliation processes

This work has implications regarding bone diagenetic processes and stable isotopes analysis
of fossil bioapatite. Our results are consistent with the obsengtiat the relative impahce
of dissolution/recrystallstion processes during diagenesis, not only depends on the bone
microstructure but also on the physigdiemical condions prevailing in the fossil&ion
environments Berna et al., 2004; Pfretdsner, 2004;Trueman et al.2004, Zazzo et al.
2004). As far as pakeoenvironmental reconstructions based on stable isotope analysis of
bioapatites are concerned, the nature of ionic species in percolating fluids in contact with fossils
could be keyparameters driving the preservation or alteration of isotopic compositions.
Importantly, dissolutiorrecrystalli@tion of bone can occun afluorine-free environmentto
form secondary carbonated hydréeqyatite. This suggests that other factors drive the
transformation of bone, such as the reactivita disordered surface layer on bone crystallites
(e.g.Wang et al.2013) andh high carbonate conteniti@nkermeyeet al, 2002). The fact that
alterationof the original bi@apatite is possible withouwat significant variation of thé-type to
B-type carbonate ratipoints to a limit of singleanalytical appwactes in assessing bone
diagenesisin addition, it does not excludeossible reinmdorporation of carbonatmto the
structure which makes thessessment of isotopic composiggreservation more complex.
This could explain why several studies reported that indicators of diagenesis indicated little

about isotope alteration (e.g. Trueman et24108).

Thedissolutionrecrystallization proess of bone is incomplete withr@aximumfraction of
secondary apatite limited to ~80. It is thus suggested thaartial transformation of bone
occurs even at aanometric scale with partial dissolutioecrystallisationof individual
crystallites(Figure10). However, it is noteworthy that tleliemicalchanges observed between
the primary and secondary phases are not compatible with the pren@swald ripening
processeven though this mechanism has been proposed to account for dissolgnoallef
crystdlites andformation oflarger crystalgAyliffe et al., 1994) Theformation of a secondary
phaseand the lack of increase MCD sizein altered bonesbsened in this studypoints

primarily to achemically drivertransformation rather thansurface drivemipeningprocess



Compared to modern unaltered bone, artificially fluorinated bone samples in drgéeis
or inalkaline conditions show similar transformations as fossils: degradation of organic content,
increase in crystallinitfe.g. increase in IRSF values), formation of carbonated fluorapatite (i.e.
clumped defect at Bite). In fossil enamel fronate Tertiary continental environments, such a
transformation of bioapatite to carbonated fluorapatite has been shown to occar via
dissolutionrecrystallisation process, with extensive alteration of the carbonate environment (Yi
et al, 2014). The relative preservation of tbeemical and structural environment of the
carbonategroups in altered bone powders consistent with asultler transformation
mechanism, compatible with @artial dissoluion-recrystallisation proces®perating at

nanometeisize scale

Compared to actual fossilisation environments, the alteration experiments conducted
here on modern bone samples/e been pesfmed ina closed systemndcan be expected to
become chemically sebuffered fairly quickly. In comparison, actual fossilisation
environments rather lead to an opgstem behaviour where the bone material is slowly altered
by the repeated passage ofwmaqueous fluids over geological times. However, atomic scale
transformation of fossil bones from laMiocene deposits of Kenya an@lio-Pleistocene
deposits ofSouth Africa also poistto a partial dissolutiomecrystallization pocess (Aufort et
al., 2019. This could indicate thatlso in naturea closing of the systemould occur after a
certain amount of timeAccordingly, fossil bones could record the physichlemical
condtions prevailing in their early fossilisation environments. This points to a key role of the
secondary phase formation as a limiting factor of the transformation process and begs the

guestion ofts potential protective role against total dissolutadrthe primary bioapatite

Finally, this work illustrates thabone diagenesisannotbe summed up usingnly one
crystallinity parameter and underlines the need to use multiple analytical approaches to depict
a more complete picture of the extent @gdnetic alteration in bond-urthermore, this shows
that the combination oite-specific isotopic compositions measuremensith atomic scale
probing spectroscopiess an effective way ofdeciphering dissolutionecrystalli@tion

pathways in bone
5. Conclusions

This studyprovides aquantitativeassessmerf themineralogical transformati@at the atomic
scaleand stable isotopic changes durimgvitro alterationexperimentsof bone bioapatite

Partialdissolutionof the biogenic apatite amdcrystallizatiorof a carbonatédearing secondary



apatitewas observed in all bone sampkered in aqueausolutionsat 20 and 70°CThis
transformation occurs irrespective of the presan@bsence of fluorine in solution and leads
to the formation of carbonateearing fluorapatite or carbonabearing hydroxylapatite
respectivelyAn ATR-FTIR basecdestimateof this transformation revealed that the fractugn
newly formed secondary apatiteas limited to about 60%.This result couldpoint to a
protective role of the secondary apatite against total dissolution of the primary bio&patite.
more general note, this woaksocontributes to the debate surrounding thegivation capacity
of secondary phasée.g. Velbel 1993 Daval et al., 2011Daval et al. 2013Sissmann et al.,
2013 Harrison et al. 2015yelevant toa variety of geochemical contexts/olving mineral
replacement reactions through dissolutienrystallization processest the solid/solution

interface.
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Table 1 Alteration conditions of bone wafers and powddfsr each experiment, the prime
symbol refers to the fluorinated bone sample.

Exp. Sample Duration Temperature (°C) pH  Solution  [NaF]
type
A Wafer 1week 20 7 Phosphate -
$9 " " " " " 102M
C Powder 3 weeks 20 7 Phosphate -
&1 " " " " " 102M
D Powder 3 weeks 70 7 Phosphate -
il " " " " " 102M
E Powder 3 weeks 70 7 PIPES -
@l " " " " " 102M
F Powder 3 weeks 70 9 KOH -
) " " " " " 102M
G Powder 3 weeks 70 10 KOH -
*q " " " " " 102M
H Wafer 3 weeks 70 7 PIPES -
+9 " " " " " 102M

Table 2 Fluorine contentCa/Pmolar ratio and isotopic compositioaf unaltered controland
fluorinated bones

Sample F (%) Cal/P & A3'% [8Ocarbonate €0 hosphate
A9602: A9602:)
TH1 0.20 1.57 -6.41+0.20 36.31+0.14 25.80 +0.39
C 0.23 1.66 -7.06 £ 0.02  36.19+0.68 21.61+0.81
&1 1.6 1.64 -7.22+0.09  37.42+0.02 22.65+0.25
D 0.23 1.70 -7.27+0.04  35.17+0.19 21.18+0.14
g 20 1.72 -6.97 £ 0.02  36.88+0.15 20.45+0.13
E 0.24 1.79 -6.38+0.01  33.95+0.30 26.49+0.17
(1 2.5 1.81 -6.50 £ 0.01  35.29+0.27 26.38+ 0.56
F 0.26 1.84 -6.50 + 0.07  34.05+0.19 26.94+0.61
)T 2.2 1.82 -6.42 +0.01  33.15+0.12 26.81+0.42
G 0.24 1.86 -6.43+0.01  33.55+0.36 26.28+0.38
*q 2.1 1.84 -6.52+0.12  32.83+0.23 27.03+0.40

Table 3 Lattice parameter§&/m), average apparent size and strain from Le Bail fits of

XRD data

Sample a(A) c(A) Volume (A) Crystallite sizeA) Average microstrain
[002] [030] (anisotropy)

TH1 9.417 (6) 6.8756 (5) 528.07(6) 776.53 126.90 85.91 (0.094)

&9 9.40% (3) 6.881 (3) 527.40(3) 308.31 114.45 31.62 (0.079)

D 9.4219 (2) 6.8867 (3) 529.44(3) 397.58 115.30 33.74 (0.055)

q 9.3916 (2) 6.8848 (2) 525.90(2) 427.53 140.90 25.28 (0.062)

E 9.41% (2) 6.882 (3) 528.91(3) 319.27 117.25 24.11 (0.073)

(1 9.3826 (2) 6.8879 (2) 525.13(2) 548.21 146.92 25.41 (0.040)

F 0418 (3) 6.89B (3) 528.84(4) 44128 12053 39.39 (0.043)



) 9.3777 (2) 6.8908 (2) 524.80(2) 442.84 137.16 24.14(0.078)
G 9.41D (3) 6.8896 (3) 528.55(3) 491.76 106.48 33.79 (0.047)
*q 0.3809 (2) 6.892 (2) 525.28(2) 520.14 141.08 27.66 (0.037)

Table 4 Parameters obtained fraime 1 POsband inGe ATR-FTIR spectraln addition to the

Full Width at Half Maximum (FWHM) we calculated the Half Width at Half Maximum
(HWHM) on the high frequency sidahe low frequency sidexhibiting a pronounced
asymmetry. The asymmetrgarameter is therdefined assF t:*9*/ ©(9*/ ;. An
asymmetry parameter equalzero corresponds to a perfectly symmetrical band, an increase in
the parameter corresponds to an increase in asymmiéieylR Splitting Factor (IRSF) was
FDOFXODW H®Q GRATRWKR1band according to Weiner and Bfosef (1990)
SDUDPHWHUV UHODW® BGakViR. Msikidth, BMUDHMDEDd asmmetry, are also
reported.

Sample Ge ATRFTIR Raman
1POy 4POy 1POy
& FP FWHM HWHM Asymmetry IRSF & FP FWHM Asymmetry
cn!)  (ent) (cnt)

TH1 960.6 15.1 6.86 0.091 3.64 960.5 15.6 0.051
C 961.3 15.5 6.83 0.119 3.89 960.7 13.6 0.060
&1 962.1 15.3 6.10 0.203 4.00 963.2 11.9 0.116
D 961.2 15.5 6.40 0.174 4.56 961.4 11.6 0.088
v 963.7 15.1 5.68 0.248 5.03 963.9 10.1 0.129
E 961.7 13.3 5.57 0.162 4.28 961.6 11.6 0.088
(1 964.1 12.8 4.50 0.297 5.11 964.3 9.2 0.150
F 962.0 13.5 5.91 0.124 4.53 961.6 12.8 0.064
)Rl 964.0 12.7 4.56 0.282 5.88 963.9 10.0 0.140
G 962.0 15.3 6.35 0.170 4.55 961.7 134 0.063
*q 964.3 12.0 4.80 0.200 5.19 964.2 10.3 0.136
C-Fap 966.1 52 - - 6.18 - - -

Table 5 Parameters of the fit of the OH signalltd NMR spectra of control and fluorinated
bones

Sample Amplitude (a.u.) Position(ppm) Width (ppm)  YremainingHsignal

C 2.07 -0.034 0.53

CHT 0.23 -0.034 0.53 12
D 4.43 -0.063 0.45

DY 0.37 -0.063 0.45 8
E 3.49 -0.028 0.32

ET 0.14 -0.028 0.32 4
F 1.01 -0.018 0.36

F1 0.09 -0.018 0.36 9




Table 6 Parameters ahulti-componenfiits of 1PO,Ge ATRFTIR bandsltis expected that
the relativeproportion ofthe Lorentzian componemeflect that of the structural phosphate
grows belonging to the recrystalid secondary apatite and that the fraction corresponaling
the Gaussian componergflects that of the structural phosphateogps belonging to the
primary bioapatite.

Sample 37+-OLNH” *DXVVLDQ VI Secondary Lorentzian contribution

& FEPpP Width Area (%) & FEPpP FWHM Area (%)
TH1 960.6 8.755 100 - - -
C 960.6 8.755 80.9+ 3.9 962.7 7.901 191+ 2.4
&1 960.6 8.755 706+ 3.1 966.1 8.000 204+25
D 960.6 8.755 705+ 8.5 963.5 10.553 295+ 7.2
Rl 960.6 8.755 432+ 1.2 966.1 9.530 56.8+ 2.0
E 960.6 8.755 60.9+ 6.3 962.9 7.025 391+5.6
EY 960.6 8.755 414+ 1.9 966.1 7.971 58.6+ 2.9
F 960.6 8.755 473+ 7.5 963.4 8.566 52.7+ 9.0
)1 960.6 8.755 431+ 2.7 966.1 7.585 56.9+ 4.1
G 960.6 8.755 433+ 4.4 963.4 11.748 56.7+ 6.1
*q 960.6 8.755 38.5+ 3.0 966.1 7.603 615+ 4.4
C-FAp - - - 966.1 5.357 100

Figure 1 a. M80camonatedf the unaltered and artificially altered bone samples reported against

their A80pnosphatevalues and compared with the linear correlation derived by Lécuyer et al.
IURP FRPSL OHGWvakes\ViDboklcdrbonate and phosphate from modern

mammals(solid line) and with the linear correlation derived by Zazzo et24l04) from

modern hippopotamusds. /13C values of the unaltered and artificially altered boRes] and

blue circles corresportd nonfluorinated and fluorinatedonesamples respeigtly.
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Figure 2 Diamond and Ge ATR FTIR spectra of the moderbone used in hhllteration
experiments, TH1. Fdrvettercomparison, gectra are shifted vertically and the intensity of the
Ge ATR spectrum was multiplied lilge factor three
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500 1000 1500 20‘00
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Figure 3 1 POy Ge ATRFTIR bands(black line) of nonfluorinated and fluorinatedhone
samples in different buffers and pH conditions (Experiments C, D, E, F, G) compared to the
unaltered bone material (TH1) and to sedimentary carbonated fluorapasi(eed line)of the

1 PQy band in altered bongSe ATRFTIR spectra were achieved using two components: a
Gaussian signal whose position and width was kept fixed to that of the unaltered bone TH1
(orange lineand a Lorentzian signal whose position wastKkixed in fluorinated samples and
free in nonfluorinated sampleggreen line) Parameters of the fits are reported in Tahle
Percentages of treecond component aiedicated on theight-hand side of théigure.
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Figured4a. 5D P D Q V SH FYQ:barRllin\Whltdred borveaferand in bonevaferaltered
with 102M NaF in a phosphate buffer solution foweeks at 20°C (ExperimeA). b. Raman
VS HFW U bP& banKrHunaltered bone powder and in bone powder altered witM 10
NaF in a phephate buffer solution for 3 weeks at 20°C (Experimentc(Raman spectra of
W KiIRQ4 band collected at various loci on a tractsef bone wafer altered with and without
102M NaF in an organic buffer solutiomf 3 weeks at 70°C (Experimenf).Hrhe \ertical
dashedine is guide for the eye.
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Figure5a. > COzdiamond ATRFTIR bands ohonfluorinated and fluorinatedone samples

in different buffers and pH conditions (Experiments C, D, E, F, G) compartewttered bone
TH1 andsedimentary carbonated fluorapatig-ap All spectra are normalised based on the

4 POy band intensityb. ,COs;diamond ATRFTIR band ascribed to the clumped defect ifi Y

and Gf REWDLQHG E\ VEG WaniFtidlo@fllowhaietd VD PS OH | UGORPbandkof
the fluorinated sample diamond ATRIR spectra FR PSD UH G ,GDRbakd KoH carbonated
fluorapatite Peak areas are 0.09, 0.13 and 0.16 respectivebtracted spectragere normalised on the

A and B components of the COzband.
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Figure 6 a. 13C CPMAS NMR spectra of the unaltered bobenesartificially alteredwith and
without fluorideand3C MAS NMR spectrum ofedimentary carbonated fluorapatfégnals
comprised betweehO and 80 ppm correspond ¢oganic carborirom the collagen matrix.
Enlargement ofthe 140200 ppm region of thé3C CP MAS NMR spectraVertical dashed
lines indicatethe 13C NMR positions of Asite and Bsite carbonatsignals The component at
~173175 ppm relates to the carboxylic adidsm amino acids in the organic matrivertical
arrow is used to show the decrease in the latter component in the bonessaxhiding a
significant decrease in the organic fraction
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Figure 7 1%F MAS NMR spectra of the bone samples altered litbrine and sedimemary
carbonated fluorapatiteéSpectra are centred on thsotropic signal of the fluode ions
incorporated in the channels-402 ppm with two spinning sideands on each side. TH¥
position of the clumped defect is indicdtgy averticaldashed line.



Figure 8 Evolution of (a) fluoride content, (b)1 PQi Ge ATRFTIR bandfrequency (c)
Ocamonate@nd (d) A3C as a function of the percentage of secondary ap&titshed lines are
guide for the eye.



Figure 9 Comparison of ATRFTIR Ge and Raman. PQx band position (8)FWHM (b) and
asymmetry parameters)(



Figure 10 Hypothetical shematic representation @bne crystallite before and after dissolution
recrystallisatiorin the presencer absence ofiuoride in the alteration solutiorFor a4 x 20 x 30 nrh
crystallite sizea maximum fraction ofecondancarbonated apatite of 8@ correspondto a~1 nm
thick layer It is proposed thataptial dissolutiorrecrystallization of bone occurs at the nanetre scale

at the surface atach individuakrystalliteto account for the apparent maximal fraction of secondary
phase and the lack of increase in MCD sitete that the representation is not to scale.



