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ABSTRACT

Rietveld refinements using 12 sets of X-ray diffraction powder data from milligram samples of
human dental enamel provide detailed information about the structure and composition of enamel
apatite. The principal difference in atomic parameters between enamel apatite and Holly Springs
hydroxylapatite is in 02, which is reflected in a reduction in the P-O2 bond length of 0.085 A and
PO, volume by 3.6%. Modeling the hexad axis scattering with a singtddHjives a 0.089 A shift
of the ion further away from the mirror planezat’,. The known distributed electron density along
the hexad axis in enamel has been confirmed by direct comparison with synthetic hydroxylapatite.
Although the C@ ion position could not be determined directly, evidence for partial replacement of
PG~ by CCG ions came from an 8% diminution of the P site occupancy compared with that in
stoichiometric hydroxylapatite. The observed reduction in the P-O2 bond length gadl&®@e in
enamel is also consistent with this substitution. The loss of negative charge causédrbpl@éing
PG;-ions and loss of OHons is compensated by loss of?Cans from Ca2 sites. The calculated
density from the X-ray results is 3.021 gk im agreement with deductions from previous chemical
analyses.

INTRODUCTION charge from C# sites.

X-ray powder diffraction and chemical analyses show that Polarized infrared (IR) spectroscopy of sections of enamel
mammalian dental enamel apatite is an impure form of hg_ewewed in Elliott 1994) shows that the Oidns lie parallel
droxylapatite, Ca(PO,)s(OH), (structure described in Elliott {0 thec-axis, with evidence for perturbation of some Gty
1994). The major difference of enamel apatite from hydroxj€ighboring Clions. Such studies also show that th& Gths
lapatite is in the presence of about 3 wt%,(ktails of the ar€ orler_lted with respect to the apatite _Iat_tlce and are probably
crystallographic structures of carbonate-containing apatitéstwo different environments. The majority of the £ions
(including minerals) are important becaused@ns increase have their planes oblique to theaxis and are thought to oc-
their reactivity, both in thermal and aqueous systems. For &PY the sloping faces of tetrahedral sites. The minority of ions,
ample, enamel from a caries lesion contains less carbonate #RPrising about 10% of the total, have their planes nearly
normal enamel. However, it is not clear whether this is bBarallel to thec-axis and are thought to occupy sites in the
cause the mineral has dissolved and some reprecipitated Wigad axis channel. -
less carbonate, or a more soluble, carbonate-rich fraction of The Rietveld whole pattern fitting method (Young 1993)
the mineral has preferentially dissolved. These possibilities @S applied to neutron and X-ray powder diffraction data de-
only be distinguished if subtle structural changes can be chidyed from the dense fraction (specific gravity >2.95) of pooled
acterized. human dental enamel (Young and Mackie 1980). These refine-

Enamel apatite crystals are too small for single-crystal stry®€nts did not include COions and had equally spaced O at-
ture determination, but unit-cell contents have been deduc¥gs along the hexad axisz¢ 0.0, 0.10, 0.2 ar=0.05, 0.15,
from chemical analyses assuming that tetrahedral sites are &> Whose occupancies were refined, instead of ani@
(Table 1). The OHion content is deduced from the requirel© répresent scattering density _along thls_ axis. The structure
ment for charge balance assuming thagG@hs only replace Was Very similar to hydroxylapatite, but lattice parameters,
POF ions (except the last formula in which a small fractiod-441(2) anc = 6.878(1) A, showed the well-known differ-

also replaces OHons). Compared to hydroxylapatite, thes€nces from hydroxylapatitea (= 9.4176 anct = 6.8814 A,
formulae show a deficiency of ions inTand OH ion sites. Elliott 1994). Clear evidence exists for a difference in the scat-

The loss of negative charge from the loss of @ids and re- tering density distribution along the hexad axis because enamel
placement of P® by CCE-ions is balanced by loss of positiveShowed a single maximum in X-ray scattering betveee. 1
andz = 0.15 that was not seen with the neutron data. It was
suggested that this electron density resulted frg@iH some
*E-mail: r.m.wilson@mds.gm.ac.uk orientational disorder and the known small quantity ofd@ls
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TaBLE 1. Enamel unit-nit cell contents deduced from chemical analyses, hydroxyl from charge balance

Formula Reference

Cayg.4sMJo.18N8g 11(PO4)s5.67(CO3)0.45(OH) 154 Hendricks and Hill (1942)
Cag.26(HPO4)0.22(CO3)05(PO4)s 63(OH) 1 26* Aoba and Moreno (1992)
Cag 23Na 26K 03(PO.)s5 53(CO3) 47(OH)1.15Cl 06F 01 Dri_essens (1978)
Cag856M.088NA 295K 010(PO.)5.312(HP O4) 280(CO3) 407(OH).702Cl.678(C O3) osot Elliott (1997)

* Late mature porcine enamel.
T Based on chemical analyses of Little and Casciani (1966), except HPO,, which comes from Arends and Davidson (1975). Water probably occupies
hexad axis sites and possibly other sites.

partially substituting for OHions. R,, for both the neutron patite, but P-O3 was slightly longer, a pattern different from
and X-ray refinements were in the range 25.5 to 27.4%. Miclibht observed irCervus elaphugnamel (above). The occu-
etal. (1995) used Rietveld analysis of X-ray d&g between pancies (reported occupancies corrected for symmetry) of O1,
8.04 and 10.4%) to study changes in the;€énvironment 02, O3, and P were 0.902(28), 0.986(24), set to unity, and
during fossilization o€ervus elaphuged deer) tooth enamel. 0.788(18) [after heating: 0.984(20), 0.998(8), set to unity, and
The CQ content and lattice parameters of the samples vari@®92(16)], respectively. The change in bond lengths and P
from 4.13 wt%a = 9.4468(2) and = 6.8880(2) A (modern) to occupancy were taken as evidence for the partial replacement
4.84 wt%,a = 9.4410(2)¢ = 6.8871(2) A (oldest fossil). P-O1, of PG~ by CG-ions.

P-02, P-03 distances (precisi®.001 A) varied from 1.515, In summary, there is chemical and IR evidence for the re-
1.561, and 1.500 A (modern) to 1.512, 1.579, 1.476 A (oldgdtcement of P® by CCG-ions in mineral and biological apa-
fossil). Thus the P-O1 distance was shorter than in Holly Springies. For francolite, there is also clear evidence for this
hydroxylapatite (1.537 A) and did not change significantly witbubstitution from P occupancies. However, changes in appar-
CO;, content. The P-O2 distance was larger (hydroxylapatiémt P-O bond lengths are inconsistent. The aim of the present
1.545 A) and increased with G@onversely P-O3 was shorterresearch was to use detailed Rietveld X-ray refinements of four
(hydroxylapatite 1.529 A) and decreased. The occupancies (vétmthetic apatites as a basis for similar refinements of unpooled
reported values corrected for symmetry) of O1, 02, O3, anchBman dental enamel. Specifically, the intention was to deter-
for modern enamel were 1.12(2), 1.04(2), set to unity, amgine the differences in apparent®n geometry and occu-
0.894(10), respectively. For the oldest fossil, they were 1.08(Pancies from hydroxylapatite, and to determine how charge
1.04(18), set to unity, and 0.884(10), respectively. IR studibalance was maintained when £&@place P ions.

indicated that the increase in €@uring fossilization was
mainly associated with an increased replacement &f BO MATERIALS AND METHODS
CO%, thus it was concluded that this was the origin of the diRreparation of apatites

ferences in P-O distances from those in Holly Springs hydroxy- prep. 63b was prepared (Elliott 1964), following Hayek and
!apatlte. However, the P occupancies do not seem to _reflectgggmemann (1955), by adding a solution of ammonium phos-
increase in C® replacing P@ (there was no discussion ofphate to a calcium nitrate solution (both at pH 12) with Ca/P
occupancies given by the authors). Michel et al. (1995) algfble ratio of 10/6. The solution was boiled for 10 minutes,
observed an electron density distribution along the hexad afiered, and the apatite washed and dried at 2D air for
similar to that of Young and Mackie (1980). 5 h. The analysis (Wt%) was: CaO 55.68%04842.32%; CQ
Structural work on dahllite and francolite, carbonate-cor-0.1; HO (by difference) 2.00 (theoretical 55.79, 42.39, nil,
taining apatites containing under and over 1 wt% F respectivedyid 1.80, respectively). H6G was prepared via the reaction of a
has been reviewed (E”lott 1994) ThOUgh there seems to h%rougy stirred aqueous S|urry (~80 for 20 h) of calcite
been little investigation of dahllite, the closest analogue pfaCQ) and CaHPQwith the Ca/P mole ratio of 10/6. X-ray
enamel, many studies of lattice parameter changes with Cffraction showed only apatite, without detectable calcite. IR
content and chemical analyses of francolite have led to the Bfd chemical analysis indicated that the apatite contained 4.3
lief that CG-replaces P®ions in the lattice with charge bal-\wto carbonate. Some H6G was heated at Pbr 20 h in
ance maintained principally by replacing®Caith Na' ions.  ajr (H6M) and some at 110@ for 20 h under a rotary pump
Polarized IR spectra show that the normal to the plane of {ig&uum (H6L). Neither Prep. 63b, H6L, nor H6M showed sig-
CO5~ion makes an angle of 374° to thec-axis, which is close njficant impurities by X-ray diffraction at the <1 wt% level. IR
to 353, the Correspondlng angle fOl’ the |nC||ned face Of ﬂ‘%owed no Signiﬁcant amounts of g@trongest C@band at
PG, tetrahedron (assumed to be regular) formed by O1, O10-1460 cm barely visible above the noise) and only a weak
and O3. Thus, it seems that the positions of these three OG#t stretch band (3572 c#in H6L, but H6M had a strong

oms form the location for the GQon. Perdikatsis (1991) has stretch comparable to that in Prep. 63b (Fig. 6.1 in Elliott 1964).
reported Rietveld analyses of francolite (4.8 wt%,d&fore

and after heating at various temperatures to 2208t which Enamel samples

temperature it decomposes to fluorapatite. Reported parameter®owdered human enamel samples (~5 mg) were collected
(A) for natural and after heating at 1200 (in brackets) were: from sound natural surfaces of six extracted permanent teeth.
a=9.3207(5) [9.3708(5) = 6.8947(5) [6.8880(5)], P-O1 = The teeth were ground with a dental bur under ethyl alcohol to
1.496 [1.535], P-O2 = 1.490 [1.553], and P-O3 = 1.565 [1.54%)void local heating (>200C) at which temperature the min-
Thus P-O1 and P-O2 were substantially shorter than in fluoexal structure is irreversibly changed.
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TABLE 2. Positional parameters determined from Rietveld analyses x10*

Sample Calz Ca2x Ca2y Px Py O1x Oly O2x 02y
Holly Springs* 15(1) 2468(2) 9934(1) 3987(2) 3685(1) 3284(2) 4848(2) 5873(2) 4651(2)
H6L 7(6) 2426(3) 9904(4) 3948(4) 3657(4) 3270(9) 4849(9) 5791(9) 4618(9)
H6G 21(4) 2478(2) 9917(3) 3995(3) 3691(3) 3319(6) 4862(6) 5806(7) 4614(7)
H6M 17(4) 2467(2) 9933(2) 3979(3) 3678(3) 3275(6) 4844(6) 5860(6) 4649(6)
Prep.63b 14(3) 2469(2) 9931(2) 3984(2) 3679(2) 3273(4) 4848(4) 5852(4) 4635(4)
RC1 14(6) 2450(3) 9895(4) 3987(5) 3697(4) 3317(9) 4864(9) 5752(9) 4555(9)
RC7 42(6) 2457(3) 9896(4) 3982(5) 3686(4) 3283(8) 4859(8) 5754(8) 4551(8)
RC8 24(6) 2442(3) 9880(4) 3975(6) 3668(5) 3254(9) 4863(10) 5684(9) 4542(9)
RE1 41(6) 2437(3) 9888(4) 3969(5) 3669(4) 3317(8) 4902(9) 5739(8) 4562(8)
RE2 24(7) 2452(4) 9905(5) 3977(5) 3696(5) 3327(9) 4875(10) 5779(9) 4602(9)
RFP 7(5) 2463(3) 9893(4) 3998(5) 3688(4) 3286(8) 4869(9) 5772(9) 4558(9)
RFB 26(4) 2460(2) 9899(3) 3991(3) 3694(3) 3337(6) 4875(7) 5804(6) 4600(6)
RGP 26(4) 2471(3) 9909(3) 3996(4) 3692(3) 3311(6) 4857(7) 5805(7) 4599(7)
RGB 21(4) 2464(2) 9907(3) 3992(3) 3692(3) 3322(6) 4864(6) 5802(6) 4608(6)
RHP 19(5) 2470(3) 9912(3) 3999(4) 3691(4) 3299(7) 4865(7) 5781(8) 4568(7)
RHB 15(4) 2476(3) 9914(3) 3999(4) 3693(3) 3301(6) 4847(7) 5796(7) 4590(7)
RQ1 19(6) 2448(4) 9879(4) 4025(6) 3693(5) 3310(9) 4880(10) 5821(10) 4574(10)
Meant 23 2457 9898 3991 3688 3305 4868 5774 4576
) 10 12 12 15 10 23 14 38 22

Notes: Parameters fixed by symmetry are Calx at 1/3, Caly at 2/3, Oqnx and Oy at 0 and all others at 1/4. Hz fixed at 0,0,0.0608, standard
deviation for last figure given in brackets. Space group for all samples is P6s/m.

* Single crystal determination of natural hydroxylapatite from Holly Springs (Sudarsanan and Young 1969) by neutron scattering, lattice parameters
by X-rays, a = 9.424(4) and c = 6.879(4) A.

T Means and standard deviations calculated for the n = 12 enamel samples.

X-ray diffraction powder data collection Patterns were corrected for any offsets using calibration curves

A 1500 W sealed tube with a Cu target (25 mA and 40 k\pfoduced from lead nitrate patterns usually run before and af-
was used with a Ge 111 monochromator to givE@Guadia- ter each sample, and always of similar quality t(_) the sample_
tion (\ = 1.5406 A). Diffraction patterns were collected wittflata sets. Consequently, the accuracy of the calibrated data is
an INEL CPS-120 (Ballon et al. 1983; Evain et al. 1993) curvé%'?ted to the accuracy of the lead nitrate callbrgtlon data. The
position sensitive detector that allows simultaneous data cglibration curves were a least squares spline fitted to the dif-
lection in 4096 bins over°lto 12 in 2. The geometry used ferences between the measured and calculated @rsiig586
was a fixed flat plate with the incoming monochromatic beafh at ~20°C, Nowotny and Heger 1986) positions of the 27
striking the sample holder at an angle of betweeto &°. The Mostintense lead nitrate peaks betweerab@ 117 in 20. As
sample holder was a (711) cut Si single crystal oriented to mifti{€Sult of the calibration, the number of points was reduced
mize the background. The sample holder was rotated about3Hightly by the calibration software from the original 4096 bins.
axis defined by the planar surface of the sample to increase {hae nominal software generated separation is 0.p29
number of crystallites in differing orientations contributing to )
the powder pattern, thus obtaining a better powder averagelietveld analysis

The INEL CPS-120 geometry differs from the usual Bragg- The program GSAS (Larson and Von Dreele 1986) was used
Brentano geometry for powder diffraction in that the diffractiofor Rietveld refinement, treating the data as if it came from Bragg-
vector is not fixed perpendicular to the sample surface but, Brientano geometry, rather than the fixed flat plate geometry ac-
course, still bisects the incident and diffracted X-ray beams. Canally used. Two possible objections to this approach are first,
sequently, in Bragg-Brentano geometry, all orders of diffractidghe differing forms of absorption correction, and second, the fixed
for a givenhkl plane will come from the same crystallites, aflat plate’s differing (and greater) sensitivity to shifts normal to
only they will have the right orientation to diffract. With the INELits surface. As both the absorptiaa-270 cm'for apatite) and
CPS-120, change of the diffraction vector withvalue means estimated sample thickness (+4#@) are small, and the known
that, for example, crystallites oriented to diffract 100, will not bghift of the sample holder (measured with a vernier microscope)
the same crystallites that diffract 200. Consequently, the INElas of the order of a few micrometers, Bragg-Brentano geom-
geometry samples the orientation distribution of the powder maty could be used in the refinement without introducing any
effectively than Bragg-Brentano instruments. significant perturbations to the structural model. The back-

Generally, 1-3 mg samples were used, but smaller quamgfieund was modeled using Chebyschev polynomials of the first
ties have been used successfully. Samples were loaded d&iid. The March-Dollase model for preferred orientation made
the Si sample holder by grinding in acetone and applying theignificantimprovement for some of the refinements although
dilute slurry to the surface of the sample holder, thus ensuritige coefficients indicated very little preferred orientation. The
a smooth and uniform covering. The patterns were collectbdst peak shape was found to be a Lorentzian with slight asym-
for 60—120 or 1000-1080 minutes, depending on the amoumetry. Starting atomic parameters for all refinements (includ-
of sample or time available. For the 60—-120 minute runs, timg the z-axis models) came from the refinement performed
most intense peak height was *t0unts; for the 1000-1080 with neutron data ifP6s/m of Sudarsanan and Young (1969).
minute runs, the most intense peak height was 2&0nts. Occupancy, atom position, unit cell, peak profile z2ro, pre-
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TABLE 2—Extended tensity of 0.95x 10* counts. The simplest, and least biased,
03x O3y 03z O(H)z way of modeling the increased background of the INEL ma-
343722; 2579%1; 702((2)) 195027)) chine was to assume that the extra background was additive
3417(7 2578(7 711(7 1837(34 :

3437(5) 2503(5) 697(5) 1906(22) an_d constant with angle. The_ data were scaled to one another
3424(5) 2577(4) 685(5) 1999(21) using a linear least squares fit of the form

3415(3) 2565(3) 690(3) 1917(13) Y(INEL) = Ay(Siemens) + C,

3427(7) 2587(7) 734(7) 1880(29) where they values are the respective counts. A and _C were
3359(7) 2526(6) 699(6) 1881(27) 56.18 and 7553, respectively, and, on average(tN&L) in-
3445(7) 2604(6) 697(7) 1747(25) tensities were within about 7% of the modelgdSiemens)+C
3398(7) 2567(6) 693(7) 1857(25) . T

3364(8) 2532(8) 716(8) 1881(32) values. To derive a data set roughly approximating to a Bragg-
344456; 2599E6g 716%6; 1748222; Brentano geometry data set of similar quality to the INEL data,
3414(5 2579(5 704(5 1803(18 ; ;

3408(5) 2577(5) 718(5) 1818(17) 7553 counts were subtracted from each INEL intensity mea-
3399(5) 2565(4) 697(4) 1851(17) surement.

3431(5) 2590(5) 713(5) 1785(19) The three data sets (Siemens, INEL, high intensity Bragg-
gﬁ?g gg?f((g)) ;g%?g EEE;Q Brentano apprqximation) were used in refining the SRM2190
3413 2577 711 1820 structure, starting from that in Sudarsanan and Young (1969).
29 26 14 50 The three refinements gave positional parameters identical to

within 0.002 and occupancies to within 0.02 with the excep-
tion of H (0.5+ 0.12). TheR,, values were 9.47% (Siemens),
3.76% (INEL), and 5.73% for the high intensity Bragg-Brentano
approximation. This tells us that the reductioRjpdue to the
higher background in the INEL data is around 2%. The rest of
the difference is probably due to the better statistics of the INEL
ferred orientation, and background parameters were allowggta, or perhaps a better peak shape model in the refinement.
to vary. The anisotropic thermal parameters and the occupaméye enamel data set collection time was shorter than for
of Cal, set at the stoichiometric value (unity), were kept coBRM2190. This may mean that the reductiomRjp from the
stant throughout the refinement. Refinements were made fia¢reased background is larger than 2%, but it is thought un-
all data sets with a single O and H atom inzta&is channel likely to be greater than 3%.
(Table 2). Second and third refinements to modelzthgis
channel scattering density were then carried out using all fde@lculation of unit-cell contents of enamel
of the synthetic sample data sets, and four of the enamel datarhe structural model used in the refinements contains only
sets. In the second set of refinements, scattering along the€a, P, O, and H. The presence of,@@d trace quantities of
axis was modeled by refining the occupancies of equally spaegg and Na present in the samples would unpredictably distort
O atoms on the axis at= 0.0, 0.10, 0.2, and in the third set aboth the occupancies and thermal parameters for Ca, P, O, and
z=0.05, 0.15, 0.25, instead of the O and H, following Young obtained by simultaneous refinement of these parameters as
and Mackie (1980). they are known to be correlated. The neutron anisotropic ther-
mal parameters from Holly Springs hydroxylapatite
(Sudarsanan and Young 1969) were therefore chosen as a good
R.p values should not be taken at face value when compstatic model for the Ca, P, O, and H thermal parameters in
ing the quality of structural refinements performed with datnamel, while only the occupancies were refined. This proce-
from different machines. The actual data and the models shodide introduces small errors in the site occupancies. Further
be examined directly, or with the help of difference plots. Th&mnall errors in occupancies might arise from the (slight) de-
is especially true if the data are collected on diffractometegsendence of scattering factors on the atomic environment. Such
with different geometries. In particuld,, values improve, as errors were corrected for by using the occupancies from the
the background increases. The lack of a set of diffracted beaymthetic apatite refinements to calculate correction factors
slits on the INEL diffractometer (compared with a Braggfgiven under Results) which, when multiplied by the experi-
Brentano machine) means that the INEL background is marental occupancies from stoichiometric hydroxylapatite, would
intense for a given peak intensity. This makes comparisongi¥e the correct unit-cell contents. Four different apatites were
our work with previous work difficult. However, without beingused to check that the correction factors were consistent and
able to examine all the previous refinements in de®gjlval- were, as far as possible, not biased toward individual struc-
ues are the only available means of comparison. tures. Based on the assumption of stoichiometric Ca/P ratios,
As an aid to comparing our refinements with those froeorrection factors for Ca2 and P were calculated from the mean
Bragg-Brentano geometry machines, the NIST standard lyecupancies of the four samples. H6G was omitted from the
droxylapatite SRM2190 (Anonymous 1997) was run on thealculation of the factors for O1, O2 and O3 because of its CO
INEL CPS-120 diffractometer and a Bragg-Brentano Siemeasntent. Only H6M and Prep. 63b were used for thefextor
D5000 diffractometer. The INEL data was collected for 384flecause H6L would have lost Oidns, and H6G was likely to
minutes and had a maximum intensity of 58.10* counts. contain HO in the hexad channels. Occupancies from the
The Siemens data took 1020 minutes and had a maximumRietveld refinements of the enamel apatites were multiplied by

Ry, comparison
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TABLE 3. PO, bond lengths (A) and volume (A3)

Sample P-01 P-02 P-0O3* PO, vol
Holly Springs’  1.537(3) 1.545(3)  1.529(2) 1.853(3)
H6L 1.543(9) 1.502(8)  1.514(6) 1.79(1)
H6G 1.528(6) 1.481(5)  1.532(4) 1.792(9)
H6M 1.541(5) 1.534(5)  1.538(4) 1.864(9)
Prep.63b 1.549(4) 1.525(3)  1.543(2) 1.872(6)
RC1 1.525(10)  1.447(7)  1.518(5) 1.73(1)
RC7 1.549(9) 1.450(6)  1.562(4) 1.83(1)
RC8 1.581(10)  1.396(7)  1.513(5) 1.73(1)
RE1 1.569(10)  1.449(7)  1.537(5) 1.81(1)
RE2 1.519(11)  1.476(7)  1.555(5) 1.82(1)
RFP 1.566(9) 1.454(7)  1.517(4) 1.77(1)
RFB 1.521(7) 1.486(5)  1.538(4) 1.802(9)
RGP 1.531(7) 1.481(5)  1.523(3) 1.792(9)
RGB 1.525(6) 1.480(5)  1.546(3) 1.815(8)
RHP 1.551(8) 1.460(6)  1.525(4) 1.78(1)
RHB 1.534(7) 1.473(5)  1.529(3) 1.785(9)
RQ1 1.574(11)  1.471(8)  1.503(5) 1.77(1)
Meani 1.545 1.460 1.531 1.787
Onat 0.023 0.024 0.017 0.033

* Repeated by symmetry.

Tt Bond lengths and tetrahedron volumes for natural hydroxylapatite
calculated from positional parameters from neutron data in Sudarsanan
and Young (1969).

F Means and standard deviations calculated for the n = 12 enamel
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Intensity/counts x 107

20° x 160

FIGURE 1. Part of the experimental (+ symbols) and calculated
(solid line) powder patterrR, = 5.2%) for RGB. The lower trace is
the difference between observed and calculated patterns, and tick marks
in the middle are the positions of lines calculated from refined lattice
parameters.

samples.

these factors to give unit-cell contents. Another factor was ap-
plied to correct for the assumption made in the refinements o.3
that all the cations in enamel are?Cans, whereas Naand 0.25
Mg?* ions are also present. Thus the occupancies of the two
cation sites were apportioned to’CaNa’, and Md* ions so 0.2
that their respective mole percentages were 95.78, 3.27, &§1d.15
0.95% (derived from chemical analyses of Little and Casciafl 4|
1966) and the X-ray scattering for each site remained unchangec(i) o8
(based on ratios of ion scatteringbat 32, sirB/A = 0.30). 4
Thus an occupancy of 1 for “€awas replaced by 0.984&a 03
+ 0.022Na + 0.005M¢g* (total cations 1.011 and charge g5
+2.000). The total number of cations per unit cell in Cal sites
was preserved at four, by dividing all the occupancies by 1.011.

0.3
RESULTS 0.25
The typical fit between the calculated and observed powder 02
patterns for the enamel and synthetic samples is illustrated in
Figure 1 for an enamel sample for whRRfj was 5.2%. Some 015
enamel samples had one or two very weak lines inGlaagu- 01
lar range 35-39 not ascribable to apatite, but later found to be |
due to the sample holder. Extra reflections also appeared in
synthetic apatite Prep. 63b and H6M, but in these cases they V ,
indicated a monoclinic space groBp./b as found in stoichio-  -0.05%F
metric hydroxylapatite (Elliott 1994). Although refinements  , , | I \ )
could be done wittP2,/b symmetry, those presented here are 0 0.05 0.1 0.15 0.2 0.25
for P6/mto enable direct comparison with enamel. z
Positional parameters for the synthetic apatites and enamel
samples are given in Table 2 and P-O bond lengths agd PO F|GURE_2.0ccupancies ofdu_mmyOatoms alor_lg hexad axi_s from
tetrahedral volumes in Table 3. Lattice parameters and oclgirs of refinements. Upper section, synthetic apatites (open triangle =

pancies for the synthetic apatites are given in Table 4, and =P 63b, open circle = H6M,= HEG, open box = HGL) and lower

. - igure, enamel (open triangle = RGP, open circle = RFB, RFP,
tice parameters and unit-cell contents calculated frogg% (op 9 P

A - en box = RGB). Occupancies from GSAS have been halved to
OCCUDa‘_nC'eS for the enamels in Table 5 (columrls 3__11)' Tdi&ount for the two refinements contributing to each plot (those for
correction factors calculated from the occupancies in Tablgf mirror plane at = 1/4 and center of symmetryzt 0 have been

and used for Table 5 are 0.995, 1.024, 0.974, and 0.883 figther divided by two as GSAS only generates two atoms per unit cell
Ca2, P, @y, and Q,, respectively. The standard deviations ofor these sites, whereas four are generated for the other sites).




WILSON ET AL.: CRYSTALLOGRAPHIC STRUCTURE OF ENAMEL APATITE 1411

TABLE 4. R, lattice parameters, occupancies,* and densities for the synthetic apatites

Sample Ru(®) a(A) c(A) ca2 P o1 02 03 Oon H p(g/cm?)t
H6L 95  9.4081(5) 6.8887(4) 1.007(5)  0.992(7) 1.007(10) 0.999(11) 1.017(9) 0.465(14) 0.082(135) 3.160
H6G 8.1  9.4394(4) 6.8861(3) 0.978(4)  0.931(5) 1.020(7)  1.013(8) 1.007(7) 0.518(10) 2.023(93)  3.120
H6M 100  9.4172(1) 6.8799(1) 1.022(4)  0.993(5) 1.026(8)  1.016(8) 1.052(6) 0.553(9) 0.937(88)  3.230
Prep.63b 6.0 9.4232(2) 6.8833(2) 1.014(2) 0.990(3) 1.027(5) 1.021(5) 1.045(4) 0.580(7) 0.639(63) 3.216

* Scaled so that Ca(1) has an occupancy of 1, so that stoichiometric occupancies for other sites are 1, except O(H) and H, which are 0.5 because the
OH-ion is in two-fold disorder. Space group for all samples is P65/m.
T From lattice parameters and unit cell contents based on above occupancies.

the occupancies of the enamel refinements used in Table 5 wiant that P-O2 differs most is consistent with the change in the
similar to those given for the synthetic apatites in Table @®2x and O2y parameters noted above. Young and Mackie (1980)
namely 0.5 to 0.7%, 0.7 to 1%, 0.7 to 1%, 1.3 to 1.6%, and d& not comment on differences in P®trahedron volume in
to 15% for Ca2, P, O, &, and H, respectively. enamel apatite from hydroxylapatite. Their P-O bond lengths
Distributions of scattering along the hexad axis for the syfer enamel apatite were rather scattered between refinements,
thetic and four of the enamel apatites are given in Figure 2with means (based on all refinements) for P-O1, P-O2, and P-
030f1.592, 1.472, and 1.564 A, respectively. These values give
Discussion differences from Holly Springs hydroxylapatite of +3.61, —4.70,
Comparison of experimental and calculated patterns shoarsd +2.26%, respectively. The mean volume difference from hy-
a very good fit (Fig. 1), indicating that precise structural paroxylapatite calculated from Young and Mackie’s parameters
rameters should be obtained from the refinements. This is c®8+2.37%. Young and Mackie’s results are therefore only in part
firmed by the agreement of the positional parameters (Talslensistent with the present ones; this can probably be explained
2), and PQ bond lengths and volumes (Table 3) from thby their much largeR,, values. Michel et al. (1995) reported
Rietveld refinements for the stoichiometric hydroxylapatitesond lengths (see Introduction) for mode@ervus elaphus
(H6M and Prep. 63b) with the neutron single crystal studynamel apatite that give differences from Holly Springs hy-
(Holly Springs). Standard deviations of the positional parardroxylapatite for P-O1, P-O2, and P-O3 of —-1.43, +1.03, and —
eters for H6M and Prep. 63b are about twice those for Holly90%, respectively. The difference in the ,R@lume from
Springs and agree within two standard deviations (a little larggydroxylapatite calculated from Michel et al.’s parameters is —
for some O atoms). The R®ond lengths and volumes agree.80%. Thus, Michel et al.'s results are noticeably different from
within two standard deviations (a little larger for P-O2). Pahe present ones, except for the volume difference. Michel et
rameters for the other two synthetic apatites (H6L and H6@l)'s R, values are about 3% higher than in the present work
are generally different from the single-crystal values (often 18-10% vs. 5-8%). This would normally indicate that our model
standard deviations, and more for P-O2), as would be expecteas an improvement on the previous one, but from the com-
for slightly non-stoichiometric apatites. H6L probably lostOHparison of refinements performed on SRM2190 discussed ear-
ions through the heating in vacuum, which is consistent wililer, most of this may be attributable to the higher background
its reducedh-axis parameter (Table 4), as found in oxyapatittom the INEL geometry. Both the work of Michel et al. and
(Trombe and Montel 1971), and its low occupancy fgp O the present are internally more consistent than the observed
(Table 4); and H6G contains G@nd HO, which is reflected differences between them. Michel et al. studied a different spe-
in its increase@-axis, as is found in the enamel apatites. cies (red deer as opposed to human), but their chemical analy-
In contrast, occupancies for Ca2, RpCand Qy for the ses do not suggest any significant differences in composition
synthetic apatites (Table 4) show small, but consistent, deplaom human enamel. This is borne out by unit-cell contents
tures from stoichiometric values. Densities calculated from tdeduced from the X-ray results (see later). However, a slight
occupancies for stoichiometric hydroxylapatites H6M and Preipcrease of 0.04 A in P-O bond lengths seen in Ca-deficient
63b (3.230 and 3.216 g/émrespectively) are also higher tharapatites containing Na has been ascribed to HRahs
for stoichiometric hydroxylapatite (3.156 g/grilliott 1964). (Jeanjean et al. 1994). As enamel contains HR@s (Table
These differences could easily arise from small errors in th it could be that red deer and human enamel have different
atomic scattering factors, temperature factors or the absencelBfO,>- contents; these would not have been detected by Michel
absorption corrections. Thus, as described above, correcté&ml.'s analyses. The magnitude of possible bond length changes
factors were calculated to apply to the occupancies when aan be gauged from molecular orbital calculations (Salinas et
culating the unit-cell contents of the enamel apatites. al. 1997), which give P-O(H) bonds 13-15% longer than
Differences in the mean positional parameters of enameaiprotonated P-O bonds (with a substantially smaller increase
apatite (Table 2) from those for single-crystal Holly Springi® the presence of water). There is also some evidence that dif-
hydroxylapatite (Holly Springs, Table 2) are all <0.004, excefgrences in observed P-O bond lengths between enamel and
for O2x (—0.0099), Of (—0.0075), and OH(-0.0130). The Holly Springs hydroxylapatite are not entirely determined by
most noticeable differences in the P@trahedron of enamel CO5-replacing P@ ions. Michel et al. observed that, although
apatite from hydroxylapatite (Holly Springs, Table 3) aréhe P-O1 bond length in modern red deer enamel was 0.022 A
marked reductions in the P-O2 bond length and tetrahedidess than in hydroxylapatite, it did not decrease further with an
volume. For P-O1, P-O2, P-O3, and the volume, the diffancreased replacement of P®y CG-ions in fossil samples,
ences are: +0.55, —5.49, +0.14, and —3.59%, respectively. T¥eereas the other P-O bond lengths did change.
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TABLE 5. Ry, lattice parameters, unit cell contents* and densities for enamel samples

Sample  Ruy(%) aA) c(A) Caz2t POt 01 02 03 Oon H

RC1 7.1 9.4623(19) 6.8863(14)  5.68 5.50 5.45 5.72 10.70 1.90 2.33
RC7 7.4 9.4512(25) 6.8803(18)  5.68 5.58 5.34 5.98 10.51 2.08 4.04
RC8 7.2 9.4343(22) 6.8681(16)  5.58 5.23 5.45 6.18 11.23 2.26 0.92
RE1 7.8 9.4564(17) 6.8821(12)  5.71 5.54 5.23 5.86 10.38 2.09 3.50
RE2 10.0 9.4598(18) 6.8865(13)  5.69 5.59 5.35 5.97 10.22 1.90 3.17
RFP 4.9 9.4592(17) 6.8816(12)  5.61 5.47 5.48 5.69 11.06 2.18 2.47
RFB 47 9.4586(11) 6.8811(8) 5.72 5.69 5.45 5.79 10.81 2.01 3.56
RGP 5.2 9.4554(9)  6.8835(7) 5.71 5.64 5.59 5.86 10.88 2.12 3.22
RGB 5.2 9.4506(9)  6.8780(7) 5.75 5.69 5.63 5.82 11.05 2.05 4.50
RHP 4.6 9.4586(13) 6.8809(10)  5.69 5.54 5.55 5.73 11.02 2.11 2.93
RHB 47 9.4616(11) 6.8819(8) 5.69 5.68 5.62 5.75 11.18 2.15 2.19
RQ1 4.9 9.4584(19) 6.8808(13)  5.64 5.26 5.56 5.73 10.86 2.05 4.96
Mean — 9.4555 6.8809 5.68 5.53 5.48 5.84 10.83 2.07 3.15
Opa — 0.0076 0.0047 0.05 0.15 0.12 0.14 0.32 0.10 1.10

* From occupancies corrected with factors from synthetic apatite refinements and scaled so that there are 4 cations (3.892Ca*" + 0.087Na*
+ 0.021Mg?") in Cal sites per unit cell. Space group for all samples is P6s/m.

T The value attributes the entire scattering to Ca?*, thus each Ca?" is to be replaced by 0.984Ca?* + 0.022Na* + 0.005Mg?".

t p' is the directly calculated number of P atoms without regard to contribution from C atoms.

§0; =01+ 02+ 03.

|| Assuming that p + ¢ = 6 and 25% of ¢ contributes to scattering of p, where p and c are the number of P and C atoms per unit cell deduced from p'
(see text for further details).

# Or - (4p + 3c¢) i.e., number of O atoms found in tetrahedral sites not accounted for by requirement of P and C atoms for O atoms.

** Monovalent anions in hexad axis from charge balance requirement taking into account Na* and Mg?* ions.

Tt From lattice parameters and unit cell contents.

The differences in P-O1, P-O2, and P-O3 bond lengthssalts in more than six ions in tetrahedral sites because each
francolite from fluorapatite (Perdikatsis 1991, see Introductio@O3-ion contributes less than one O atom to O3. There are two
are —2.54, —4.06, and +1.29%, respectively. The volume diffeeasons for this, first, the ion contributes only 1/20 to O3 as it
ence for francolite from fluorapatite is —4.70%. This pattern @ in disorder about the mirror planezat 1/4, and second, this
change is rather similar to that found here (+0.55, —=5.49, +0.@tatom will not be centered on the refined position of O3 be-
and —3.59%, respectively), except for P-O1. Exact identity woutduse the C®ion is smaller than the BQon. As inspection
not be expected because thaxis of francolite is less than in of the occupancies for enamel apatite showed clearly that the
fluorapatite, whereas enamel apatite has a largeis than hy- ratio of Cal/Ca2 was greater than in stoichiometric hydroxyla-
droxylapatite. Thus, apparent P-O bond length changes sqgatite, it was decided to analyze the results in terms of the hy-
not to be dominated by replacing POy CG; ions, but are pothesis that all the Cal sites were filled, with vacancies in Ca2
also affected by other lattice changes. However, volume changiss. This distribution of Ca and vacancies is also seen in Rietveld
for comparable amounts of GQeplacing P@ ions are very refinements of Ca-deficient apatites containing Na (Jeanjean et
consistent between francolite, mod€marvus elaphuand hu- al. 1994) and without Na (Rodrigues-Lorenzo et al. 1997).
man enamel apatite (—4.70, —3.80, and —3.59%, respectively).No attempt was made at this stage to determine the position

Like enamel apatite, both H6L and H6G have a reduced &d number of C® ions per unit cell directly from the X-ray
02 bond and PQrolume compared to Holly Springs hydroxy-results. However, there is further support for the presence of
lapatite (Holly Springs, Table 3). For H6G, this could be caus€&3-in PG sites as the mean number of P atoms per unit cell
by the CQthat it contains, but this explanation cannot apply toalculated directly from the observed P occupancies (Table 5,
H6L, as it is free of CQ Although this exception applies tocolumn 6), is 5.53, substantially less than 6. In the following
only one sample, the conclusion must be that the reduced Pdistussionp' refers to the directly calculated number of P at-
bond length and PQrolume in enamel apatite compared wittoms per unit cell (Table 5, column @)andc to the number of
stoichiometric hydroxylapatite cannot be taken as proof of tiReand C atoms per unit cell deduced frgr(irable 5, columns
partial replacement of EOons by C@ ions, but only that it 13 and 14, respectively); the ~10% of the306ns that are in
is consistent with it. the hexad axis and the small amount of Bif@hs are ignored.

When the density is not accurately known, as for enamfeh estimate oft can be made assuming that the tetrahedral
apatite crystals, X-ray diffraction or chemical analyses give ordjtes are filled with P9 plus CG-ions, that is to say that+ ¢
relative occupancies in the unit cell, unless some assumptios 8, and a further assumption about the contribution of C to the
made. For chemical analyses of apatites, it is usually assumsedttering of P. If this further assumption is that the contribu-
that all tetrahedral sites are filled. This assumption is not apgien of C is nil,p = p' so thatc = 6 —p', but if C contributes to
cable to X-ray studies because occupancies of individual attime P scattering; andp will increase and decrease, respec-
sites, rather than polyatomic ion sites, are refined. Thus, Youtinely. For any given contributiorp andc can be calculated
and Mackie (1980), Perdikatsis (1991), and Michel et al. (199%dm the requirement that the X-ray scattering ahdc com-
assumed that the total number of O3 atoms in the unit cell wased is the same as that frggh(based on scattering ét=
12, the stoichiometric value. This is not entirely satisfacto82°, sirb/A = 0.30), and thap + ¢ = 6. This calculation for 0,
because O has low X-ray scattering, so this occupancy is sb; and 100% contributions from C, gives mean valueodf
ject to proportionately more error. Further, this assumption r@-47, 0.50, and 0.65 atoms per unit cell, respectively. It is un-
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TABLE S—Extended O, should be close to the sum of the O atoms associated with
O:§ ptm cm o# X*  plelem)tt  thep PGE-andc CG5-ions, and preferably slightly less because
21.87 5.46 0.54 -1.59 1.82 3.013 the O atoms from the GQons will not contribute fully to @as
21.84 5.55 0.45 -1.71 1.72 3.026 h i v coincide with the refined O positions: Tabl
2285 517 0.83 —0.32 191 3000 they will not exactly coincide with the refined O positions; Table
21.47 5.51 0.49 -2.03 1.82 3.027 5 shows that ©- (4p + 3¢) (A in column 15) is about 1.4, so
e oo e 2% e 3022 this condition is also fulfilled. Thus the two necessary condi-
22.06 5.67 0.33 _161 168 3.038 tions are met, but this does not prove that the Cal sites are
22.33 5.62 0.38 -1.28 172 3.034 filled, though this is most probable. If they are not filled, the
22.49 566 0.33 118 L.75 3.051 unit-cell contents in Table 5 will have to be reduced by a com-
2231 5.50 0.50 -1.20 1.79 3.022 e : >0 by
22.55 5.66 0.34 2111 1.65 3.029 mon factor. As it is very improbable that the Cal sites could be
22.15 5.21 0.79 -1.06 1.98 3.000 overfilled, the results in Table 5 are maximum values.

22.14 5.50 0.50 -1.36 1.78 3.021 h t_cell ¢ | te in Tabl
041 017 016 0.47 0.10 0017 e mean unit-cell contents of enamel apatite in Table 5

can be summarized by the chemical formula Gal
Naly o Mgl 0 Caz sdNa2, 1M92, 0 PO)s 5 COs)o.5{ OH)1 76

The equivalent formula fo€ervus elaphugnamel calcu-
lated following the procedure used for Table 5 from means of
the X-ray results and chemical analyses for modern and fossil
samples (Michel et al. 1995) is GafNal; dMglyoCaz es
NaZy 1:Mg2 0P Oy)s.5 COs)o.6AOH)z 01

The unit-cell contents deduced fGervus elaphugnamel
are in satisfactory agreement with those for human enamel (the
identity of occupancies of the Cal sites is fortuitous). The mean
likely that C contributes 100% to P and this is confirmed ByO; content for theCervus elaphugnamel calculated from
the fact that is then clearly too high (compare with Table 1)individual chemical analyses (Michel et al. 1995) is 4.67 wt%,
In fact, it is unlikely that the contribution exceeds 25%, at whialehich gives 0.75 C® ions per unit cell, consistent with the
level the particular value chosen has little effect on the calabove formula.
lated results. For this reason, only detailed results for 25% areThe lattice parameters and unit-cell contents in Table 5 can
given (Table 5, columns 13 and 14). be used to calculate the densities of the enamel apatite crystals

The occupancy of &, in enamel, and other apatites with(column 17). These are maxima apart from small increases from
H,O or other substitutions in the hexad axis, cannot be detany lattice HO (each molecule in the unit cell increases the
mined confidently from a Rietveld refinement because of tlealculated density by ~0.056 g/&nThe densities (mean 3.021
distribution of scattering along the hexad axis. However, tlggcn¥) are all significantly less than calculated for stoichio-
occupancy can also be calculated from the charge balance (Tatdéric hydroxylapatite (3.156 g/éjn The density of enamel
5, column 16) assuming that ions such as HR@e absent. apatite can also be calculated using unit-cell contents based on
This shows a mean deficiency of about 11% from stoichiometiemical analyses (Table 1, last entry) and is 2.99%feHiott
ric hydroxylapatite. A much larger Olibn deficiency is indi- 1997). This is close to the mean of the results in Table 5 (3.021
cated by chemical analyses and charge balance (Table 1) ghwd?). This agreement appears to be very satisfactory, but it
by the fact that the area of the OH IR band at 3569 om should be recalled that both densities are based on the hypoth-
enamel could increase by ~70% as a result of heating t93400esis that the scaling factor for the unit-cell contents should be
(Holcomb and Young 1980). The smaller deficiency found heseich that one site in the unit cell is completely filled, but no
could easily arise from an error in the occupancy of one of thther site is overfilled. In one case, it is thegPie (chemical
major ions. analyses) and the other, the Cal site (X-ray multipliers); as the

Neither Young and Mackie nor Michel et al. determined thenalysis of the X-ray results shows, these hypotheses appear to
distribution of scattering along the hexad axis for hydroxylde nearly equivalent. Given this, it could be argued that the
patite with sets of O atoms, so a direct comparison with enarmehsistency between the densities only indicates that the chemi-
apatite could not be made. Distributions for the stoichiometrial analysis of bulk enamel reflects the chemical composition
hydroxylapatites (H6M and Prep. 63b) and enamel apatites (Rifithe crystal unit cell. This would only be true if enamel apa-
2) confirm that those for enamel apatite are indeed significantlje were the only, or at least the principal, phase in enamel,
wider than for stoichiometric hydroxylapatite. As suggested tand that ions on the surface of the apatite crystals make a mini-
Young and Mackie, this is probably due tgCHand Ctions, mal contribution to the composition of enamel. It is generally
but relaxation along the hexad axis of Obns adjacent to accepted that these two conditions are met, given the reason-
OH- ion vacancies may also contribute significantly. A wideably well-crystallized nature of enamel apatite.
distribution is also seen for the nonstoichiometric H6L and H6G Discussion has so far been restricted to mean values for
samples (Fig. 2), presumably for similar reasons. enamel apatite. However, the samples are not expected to be

There are two necessary, but not sufficient, conditions fitentical because of the known variability in the composition
the hypothesis of fully filled Cal sites to be valid. First,t®e of enamel. The variation in refined parameters over all the data
sum of the 01, 02, and O3 atoms, should not exceed 24; Tad#és, when compared to the standard deviations of the individual
5 (column 12) shows that this condition is always met. Secomdfinements, would tend to support this variability. (The stan-
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dard deviations of the means in Tables 2,3, and 5 are genera”)p.Chadwick and G. Cardew, Eds, Dental enamel, Ciba Foundation Symposium
2 t0 4 i th tandard deviati f the individual 205, p. 54-72, Wiley, Chichester, U.K.
0 Imes the stanaar eviations o € Individua par{’“ﬂ/’.’;\in, M., Deniard, P., Jouanneaux, A., and Brec, R. (1993) Potential of the INEL

eters as calculated from the inverse of the least squares normai-ray position-sensitive detector: a general study of the Debye-Scherrer set-

matrix.) As th im ndar viations from the inverse ting- Journal of Applied Crystallography, 26, 563-569.
at ) s the estimated standard deviations from the e I?a?yek, E. and Stadlemann, W. (1955) Darstellung von reinem Hydroxylapatit fur

matrix are minimum possible probable errors, the difference IS’ adsorptionszwecke. Angewandte Chemie, 67, 327.

probably too small to have much significance. Hendricks, S.B. and Hill, W.L. (1942) The inorganic constitution of bone. Science

R B ; i ; 96, 255-257.
In conclusion, we have obtained detailed information abOH(t)lcomb, D.W. and Young, R.A. (1980) Thermal decomposition of human tooth

positions of atoms and occupancies of sites from Rietveld re- enamel. Calcified Tissue International, 31, 189-201.

finements using X-ray data collected from mi||ig|—am samp|e]§anjean, J., Vincent, U., and Fedoroff, M. (1994) Structural modification of cal-
- f . . .1~ cium hydroxyapatite induced by sorption of cadmium ions. Journal of Solid
of enamel apatite. This provides a sound foundation on which gi¢ chemistry, 108, 68-72.

to undertake future chemical, compositional, or structural wornlkarson, A.C. and Von Dreele, R.B. (1986) GSAS, general structure analysis system.

i i iati ithi Los Alamos National Laboratory Report, LAUR 86-748.
Fgr.example, studies of reQ|0naI varle}tlons within .and betWF."EitQIe, M.F. and Casciani, F.S. (1966) The nature of water in sound human enamel,
clinically normal teeth, and changes in enamel mineral during 5 preliminary study. Archives of Oral Biology, 11, 565-571.
developmental and acquired (e.g., caries, acid erosion) coridi¢hel, V., lidefonse, P., and Morin, G. (1995) Chemical and structural changes in
Cervus elaphutooth enamels during fossilization (Lazaret Cave): a combined

tions and diagenetic processes. IR and XRD Rietveld analysis. Applied Geochemistry, 10, 145-159.
Nowotny, H. and Heger, G. (1986) Structure refinement of lead nitrate. Acta
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