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ABSTRACT

Strontium is one of the most common substituents in apatite; the presence and behavior of Sr in apatite-group phases are of
considerable significance in geology, materials science and biology. The atomic arrangements in strontian fluorapatite (1.18 Sr
atoms per 10 Ca sites) and belovite-(Ce) [idealyfREENa)(PO,)sF,] have been refined tB values of 0.016 and 0.014,
respectively, in order to examine the incorporation of Sr in apatite and apatite-group minerals. In strontian fluorapatite, Sr
ordered at the Ca(2) site, and no dissymmetrization Régm results from the substitution; expansion of the Ca(2) site accom-
modates the Sr. In belovite-(Ce), the symmetry of the atomic arrangement degenBfatesttee apatite Ca(1)-equivalents split
to form separate sites for Na and REE Sr is ordered at the apatite-equivalent Ca(2) sites. The symmetry reduction results
principally from shifts in O(3) apatite equivalents [which are split to O(3) and O(4) in belovite] to accommodateREEand
distinct sites, sites that are equivalent to Ca(1) sitB§4tm apatite. The ordering of Sr aREEIn belovite suggests that it may
be possible to tailor the emission characteristics of apatite phosphors and lasers by controlling the distribution ohlceninesce
activating lanthanides between the two Ca sites with Sr codoping.

Keywords:apatite, strontian fluorapatite, belovite-(Ce), strontium, rare-earth elements.
SOMMAIRE

Le strontium est un des éléments les plus couramment incorporés dans I'apatite; la présence et le comportement du Sr ont
donc une grande importance a la fois en géologie, en sciences des matériaux et en biologie. Nous avons déterminé 'agencement
des atomes dans la fluorapatite strontifere (1.18 atomes de Sr par 10 sites Ca) et la bélovite-(Ce) [idéalement,
Sis(REENa)(POy)6F2] jusqu’a un résidiR de 0.016 et 0.014, respectivement, afin de déterminer le mode de substitution du Sr
dans I'apatite et les minéraux du groupe de I'apatite. Dans la fluorapatite strontifere, le Sr se loge dans le siteeta{tjsite,
écart de la symétrie6s/m en résulte; I'expansion du site Ca(2) accommode le Sr. Dans le cas de la bélovite-(Ce), la symétrie de
la structure dégénéereR8 parce que I'équivalent du site Ca(1) de I'apatite devient deux sites, un pour le Na et I'autre pour les
terres rares. Le Sr est incorporé dans I'équivalent du site Ca(2). La réduction de la symétrie résulte surtout des défgacements
I'équivalent de I'atome O(3) dans la structure de I'apatite [qui devient O(3) et O(4) dans la bélovite] pour accommoder le Na e
les terres rares dans des sites distincts, équivalents a Ca(1) dans Pégatitta mise en ordre du Sr et des terres rares dans la
bélovite méne a la possibilité de prédéterminer les émissions caractéristiques de phosphors et de lasers faits de oe matériau e
ajustant la distribution des terres rares responsables de la luminescence entre les deux sites Ca par codopage avec le Sr.

(Traduit par la Rédaction)

Mots-clés apatite, fluorapatite strontifere, bélovite-(Ce), strontium, terres rares.

INTRODUCTION Of particular interest in environmental and materi-
als sciences is the use of apatite to sequester radio-
Apatite is known for its extensive compositionahuclides such as U afiéSr, a common product in spent
variation, and the nature of the substituents and theiuclear fuel (Webeet al. 1995). Because of the high
influence on the apatite structure have been widely stuaffinity of Sr for the apatite structur@Sr bioaccum-
ied (Elliott 1994). Strontium is one of the most comulates in bone and teeth and poses a particular radio-
mon substituents in apatite. A complete solid-solutiological risk to humans. Moreover, the physicochemical
exists between Ca and Sr in synthetic apatite (Khattelobbhavior of apatite has led to its consideration as a solid
& Jemal 1997), although the Sr end member has neaste form for many radionuclides (Ewiagal. 1995,
been found in nature. Weberet al. 1995) including®Sr, and researchers are
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actively investigating this potential (Wronkiewierzal. eight reflections measured using a powder diffrac-
1996). A further consideration in the storagé% is tometer, and concluded that Sr preferentially occupies
the behavior of the radiogenic daughter prodf¢, the Ca(2) sites in apatite with ~10% Sr incorporation,
(also radioactive), in the solid waste form. In the case bfit that the degree of order decreases as the Sr content
apatite, Y is highly compatible and is another commancreases. Urusov & Khudolozhkin (1975) suggested
substituent for Ca in natural samples (Rakovan &at the “medium” preference of Sr for the Ca(2) site in
Reeder 1994). fluor- and hydroxylapatite results from the differing
The apatite structure and its tolerance for a widgectronegativity of the ligands of the two sites,,
range of substituents also provide an excellent over&@h(I)Oy versusCa(2)QX (whereX represents F, OH).
mix of the optical, thermal and mechanical propertigdeijligerset al.(1979) and Andrés-Vergés al.(1980)
required for an efficient laser source (Grule¢ral. suggested, on the basis of powder X-ray and infrared
1999). Simultaneous substitutions involving elementpectra, respectively, that the Sr occupies both Ca sites
other than the lasing ion can affect the performance amdSr-substituted synthetic hydroxylapatite, but the ratio
characteristics of the laser, and cosubstitution of laBtca1fSrca(2) varies as a function of composition.
thanides and Sr (end-member strontium-apatite) for Gaugheset al. (1991a) presented results of high-preci-
has led to lasers with certain desired characteristis®n crystal-structure refinements of two natural apatites
(Payneet al. 1994). containing 3.83 and 2.7 wt.% Sr, and found that in this
Geologically, Sr in apatite has been used as a petommpositional range Sr strongly favors the Ca(2) site.
genetic indicatorife., Faure & Powell 1972, Kistler & In a Rietveld study of synthetic apatite-group phases
Peterman 1973) and for dativig the Rb—Sr geochron- containing 5, 20, and 60% Sr atoms in the Ca sites, Bigi
ometer {.e., Krugeret al 1998). et al. (1998) found that the strontium preference for the
Understanding the structural response of apatite t&Ca(2) site increases with increasing Sr concentration.
wide range of Sr concentrations is important in assesSdudarsanan & Young (1974) refined the structure of
ing the use of apatite as a possible host for radioactisgnthetic S{(POy)sCl. It was found to be isostructural
90Sr contamination, in engineering novel and better lagdth P6s/m fluorapatite except for the Cl ions that lie at
ing and phosphor materials, and in understanding t{@0}2), midway between the triangles defined by Sr at
behavior of Sr in geological systems where apatite #s= %, 3%. This is in contrast to end-member chlorapatite,
present. In this paper, we present the results of crystad-which Cl lies at (0,0,0.44) (Macket al.1972), space
structure refinements of Sr-rich fluorapatite and belovitgroup P2,/b. It is unusual that in this structure, the Cl
(Ce) from the Lovozero Massif, Kola Peninsula, Russigons above and below the Sr(2) site are equidistant,
In comparison to the previous study by Hugkesl vyielding 8-coordination of the Sr(2) site rather than the
(1991a), we explore here the structural response of agacoordination of this site in other apatites. In a study of

tite to much higher loading of Sr. chlorapatite with varying degrees of replacement of Ca

by Sr, Sudarsanan & Young (1980) found that the pref-

Previous Stubies oF STE OCCUPANCIES erence of Sr to partition into the Ca(2) site decreases

with increasing Sr. Furthermore, the coordinates of the

Sr incorporation in Ca-dominant Cl atom depend on the amount of Sr present. In
apatite-group minerals chlorapatite, Cl lies at (0,0,0.44), but shifts to (@)0at

or before 48% of the Ca is replaced by Sr.

Continuous solid-solution between Ca and Sr end-
members has been established (Khattech & Jemal 19B@Jovite
Khudolozhkinet al. 1972), and many compositions
along this join are found in nature. Numerous experi- Several groups, with differing results, have studied
ments, with contradictory results, have addressed ttie structure and composition of belovite. In the first
ordering of substituent Sr between the two nonequidescription of the belovite structure, Klevcova &
alent Ca sites [Ca(l), Ca(2)] in apatite. In a structurBorisov (1964;R = 0.13) concluded that the Sr is or-
analysis of synthetic S€a(POy)sF, Klevcova (1964) dered solely at the Ca(2) sites, and ordering of the Na
demonstrated that the symmetry of the compound daad Ce atoms reduces the symmetry fRGymto P3.
generates t&6 from theP6s/m of end-member fluor- Nadezhinaet al.(1987;R = 0.048) refined the structure
apatite, and that the Sr atoms are distributed betweefbelovite-(Ce) in space grolg8. Pekowet al. (1995)
the degenerate equivalents of bBfiy/m sites. In a pre- reported space grolg8 for belovite-(Ce), on the basis
dictive study on the basis of energy analysis of catiaf peak positions from powder data. The La-rich analog
ordering in apatite, Khudolozhkit al. (1972) synthe- was reported by Pekat al.(1996) to hav®3 symme-
sized a series of Sr-substituted hydroxylapatite samplés; (again on the basis of powder data), whereas
They determined the degree of order of Sr over the tW@balovaet al. (1997) determined, in a Rietveld study,
cation sites on the basis of intensity ratios derived frothat the space group B8 (Ryp = 0.045).
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EXPERIMENTAL In belovite-(Ce), the penultimate difference-map re-

vealed a large (>#7/A3) peak that was several times
Chemical analysis larger than all other peaks; examination of the stereo-
chemistry of that site suggested that it is occupied by

The strontian fluorapatite was analyzed using th&l. The presence of minor chlorine in the belovite crys-
University of Colorado’s JEOL 8600 Superprobe. Faal was confirmed by electron-probe micro-analysis, and
Sr, strontianite (NMNH, R10065) was employed as the parameters of a partial Cl atom assigned to that site
standard; for Ca, P, and F, fluorapatite (NMNH 10402%gfined routinely; this Cl site was previously unrecog-
was used. The recalculated formula from the averageed in belovite.
result of five analyses is (€& St.09 Ps.g5012[F1.83
(OH)o.14 on the basis of (Ca + Sr) = 10, OH by differ- CRYSTAL-STRUCTURE RESULTS
ence.

Belovite-(Ce) was analyzed on a Cameca SX-100 The unit-cell parameters and crystal data are listed
electron microprobe at the New Mexico Bureau ah Table 1. Table 2 contains positional parameters and
Mines and Mineral Resources, Soccoro, New Mexicequivalent isotropi® values for both minerals, and
For Ca, F and P, apatite was employed as a standardble 3 contains anisotropic thermal parameters. Se-
for Na, albite; for Si, orthoclase; for S, pyrite; for ClJected bond-lengths for the two structures are given in
marialite; for Ba, barite; for Sr, synthetic SrEj@r Y, Table 4, and observed and calculated structure-factors
La, Ce and Nd, synthetic phosphates of the respectiiee strontian fluorapatite and belovite-(Ce), in Table 5.
element were used. The microprobe was operatedTables 3 and 5 may be obtained from the Depository of

15kV and 19.9 nA. Unpublished Data, CISTI, National Research Council,
Ottawa, Ontario K1A 0S2, Canada. For ease of com-
Crystal structure parison, the equivalent nomenclature of atoms for

belovite-(Ce) as in the apatisensu strictds used in

Strontian fluorapatite and belovite-(Ce) from thé able 2. Table 6 contains the results of electron-micro-
Lovozero Massif, Kola Peninsula, Russia were prepar@dobe analyses of the strontian fluorapatite and belovite-
for crystal-structure examination. Because of the higi€e) samples. The low total (97.86 wt.%) for the
linear-absorption coefficient of the rare-earth-elemenbelovite-(Ce) most likely results from poor polish of the
bearing belovite, the crystal of belovite-(Ce) was grourghmple. The recalculated formula based on the average
to a sphere. An Enraf-Nonius CAD4 single-crystal
diffractometer was used for crystal orientation and data
collection for both crystals_; unit cells were de_termined TABLE 1. CRYSTAL DATA AND RESULTS OF STRUCTURE
from the least-squares refinement of the setting angles pren ey mENT FOR STRONTIAN FLUORAPATITE (StAp) AND
of 25 reflections, each measured in four positions. BELOVITE-(Ce) (BIv)

Intensity data were collected using the parameters
in Table 1, and reduced to structure factors using thg; cen
SDP for Windows package of programs (Frenz 199 &}ap, r6ym:

Absorption was corrected using 38D-scan data, and, aA) 9.416(1) ¢ 6.924(1)
subsequent to structure refinement, the absorption-ssi »3:
face method as implemented in program DIFABSaA) 9.655(2) ¢ 7.182(2)
(Walker & Stuart 1983). A weighting scheme withglimit (SrAp) 1.0-30.00  Scantype  #26,<60s
weights proportional to—2 was employed, with a term (Blv) 1.6-30.00 Scantype  #26,<70s
to downweigh intense diffraction-maxima. Standards (SrAp, Blv)

The atomic arrangement of the strontian fluorapatit@rentation: 3/300 reflections Intensity: 3 per 4 hrs

was routinely refined from the apatite starting modé&pt collected (Srap) 3633, -hto f, -k to £, -1 to !

(Hugheset al. 1991a) in space grou6s/m. The occu- rieue data g‘:’\) )4224, hj;t;h k1o £, itol oo
pants of the Ca(1) and Ca(2) sites were constrained with™® TP e '

the assumption Ca + Sr = 1. For belovite-(Ce), the puta:,,, gltv:) sop 226 5‘;:“;165 (5)6022
tive space-grouf’3 and the starting model of 5, ) Daa>60; 657 Variables 72
Nadezhinaet al. (1987) were employed; the successfu « (StAp) 1016 (BIv) 0.834
refinement of the structure in this space group, couplgd (SrAp) 0016 R 0.022
with the presence of numerous non-positive-definite 0.028 (all data)

atoms when refinements were attemptedP®; con- (BIV) 0.014 Ry 0.019
firmed P3 as the correct space-group. For both experi- 0.037 (all data)

ments, neutral-atom scattering factors with terms fo#rgest peaks on difference map (e/A%)

anomalous dispersion were employed. For belovitérap) (6] 0.305 ) 0315
(Ce), data with > 60, were used, whereas for strontiariBlv) (6] 0.746 ) 0.546

fluorapatite,| > 50 data were employed.
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TABLE 2. POSITIONAL PARAMETERS AND ISOTROPIC B VALUES
FOR ATOMS IN BELOVITE-(Ce) AND STRONTIAN FLUORAPATITE

Atom X ¥ z B(A) Occ.
Strontian Fluorapatite
Ca(l) 2/3 13 0.0004(1) 0.842(8) Cao o415
Sto.ms9
Ca(2) 0.24967(5)  0.01007(5) 1/4 0.912(8) Capgaoomy
Sto1771
P 0.02937(7)  0.63066(7) 1/4 0.66(1) Pina
o) 0.4849(2)  0.3278(2) 1/4 1.16(4) Oroo
O(2) 0.4129(2) 0.8794(2) 1/4 1.30(4) O100
0(3) 0.0836(2) 0.7422(2) 0.0721(2) 1.503) O100
F 0 0 1/4 2.68(6) Fiuoo
Belovite-(Ce)
Ce[Cal} 173 2/3 0.48227(6)  0.767(5) Ceoo16704)
Na[Cal] 1/3 2/3 0.9881(3) 0.88(2) Naj so2)
Sr[Ca2] 0.23726(4)  -0.01866(4) 0.75818(5)  1.065(7) Sryoia
P[P] 0.5970(1) -0.3730(1)  0.2534(2) 0.79(2) Pioo
O(D[O] 0.1501(3) -0.3415(3) 0.7299(4) 1.40(6) Orpe
O(2)[02] 0.8764(3) 0.4157(3) 0.7756(4) 1.45(6) O100
0(3)[03] 0.7274(4) 0.0981(3) 0.5656(4) 1.56(7) Orou
O(4)03°] 0.3132(4) 0.2558(3) 0.9018(5)  2.047) O10p
F[F] 0 0 0.289(1) 3.2 Froo
CI[Cy] 0 0 172 2.68 Clyongy

Anisotropically refined atoms are given in the form of the isotropic equivalent as
calculated by the method of Hamilton (1959).

For belovite-(Ce), the apatite sensw stricto atom nomenclature is included in
brackets.

result of three analyses is 63iBay.22)s5.96 Naz.12
(Cer.18La9.64Ndo.32)32.16 (Ps.06Si0.22)56.28 O24 [F1.96
(OH)o.0LClo.o3.

Strontian fluorapatite

The S#*ion is significantly larger than the &&on.
Shannon (1976) reported effective ionic radii of 1.31

MINERALOGIST

TABLE 4. SELECTED BOND LENGTHS (A) IN STRONTIAN
FLUORAPATITE AND BELOVITE-(Ce)

Strontian fluorapatite

Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance
Ca(l)- 0O(1) (x3) 2.414(2) Ca(2)- o) 2.688(2)
O(2) (x3) 2.464(1) 0Q) 2.404(3)
0O(3) (x3) 2.821(2) O(3)(x2) 2.366(2)
Mean = 2.566 0(3)(x2) 2.526(1)
F 2.3047(5)
Mean = 2.454
p- o(1) 1.535(2)
02) 1.536(2)
O(3) (x2) 1.532(2)
Mean = 1.534
Belovite-(Ce)
Atom 1 Atom 2 Distance Atom1  Atom?2 Distance
Ce- O(1)(x3) 2.483(3) Na- O(1)}x3) 2.537(3)
O(2)(x3) 2.560(3) 0(2)(x3) 2.451(3)
0(3)(x3) 2.638(4) O(4)x3)  3.207(4)
Mean = 2.560 Mean = 2732
Sr- o(l) 2.802(3) P- o) 1.536(3)
0O2) 2.532(4) o) 1.531(3)
o3) 2.525(3) 0(3) 1.557(3)
o3) 2.805(3) 0(4) 1.515(3)
O(4) 2.491(3) Mean 1.535
0(4) 2.585(3)
F 2411(1)
Mean 2.593
ci 3.0227(4)

Although the Sr is almost completely ordered at the

Ca(2) sites, there is no dissymmetrization ofREgm
apatite structure associated with the substitution. The
main response to the incorporation of Sr is seen in the
Ca(2) polyhedron. Ca(2) bonds to seven ligands
[Ca(2)OsF] in a distorted polyhedron, and expands con-

A

for PISP* and 1.21 A fol’1SP*; these values compare

with 1.18 A and 1.06 A fdflCca*andl")C&*, the coor-
dination of the apatite Ca(1) and Ca(2) sites, resp
tively.

The apatite formula can be written as CaLH(2)
(PQy)s (OH,F,ClY, illustrating the two Ca sites of dif-
fering rank in space group6z/m for apatitesensu

stricto. As noted above, numerous studies have been stO

ec-=

TABLE 6. CHEMICAL ANALYSES OF BELOVITE(Ce)
AND STRONTIAN FLUORAPATITE

undertaken to determine the degree of order of substitu-
ents for Ca over the two sites, with discordant results.

For the strontian fluorapatite described herein, virtual

Iy

all Sr is ordered at the Ca(2) sites, in accord with the
earlier studies of Sudarsanan & Young (1980), Hughes

et al. (1991a), and Biget al. (1998). The site refine-
ment gave (Cgo7sSi.029 at Ca(l) and (GazSr.1g at

Ca(2), which yields a total of 1.18 Sr atoms per formula

unit (apfu), in good agreement with 1.Gfpfu deter-
mined by chemical analysis.

Strontian fluorapatite* Belovite-(Ce)”
Oxide/element Wt % Oxide/element Wt. %
Ca0 47.14(64) Ca0 0.61(9)
P,0s 10.67(20) P,0s 27.5(16)

39.15(17) St0 38.1(18)
F 3.37(35) BaO 2.15221)
-O=F 1.42 Na,O 4.19(47)
Total 9891 LaxO3 6.67(24)
Cey 03 12.47(19)
Nd;05 3.74(32)
SiO, 0.9(1%)
OH 0.1(1)
F 2.39(26)
Cl 0.03(1)
O=F 1.0t
Total 97.86

j‘Formula:(Cag 91 811.09) Ps 85 O12 [F1.8s(0OH)o.12] .
Formula:(Srs 74 Bao 22) Naz.12(Ce . 1sLa0 64Ndo 34)Ps.06S10 22024F 1 96( OH)o.02Clo.02
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siderably with substitution of Sr. Figure 1 displays thaoted above, the penultimate Fourier-difference map

response of several Sr—ligand bond lengths to increasvealed a large positive peak at (&)),and the liga-

ing incorporation of Sr; clearly the Ca(2) polyhedrotion of that site showed that it is occupied by the small

can expand sufficiently to incorporate the 18% substimount of Cl reported. Thus, unlike apasiémsu strictp

tution in the present study. the Sr atoms adjacent to Cl column anions are 8-coordi-
In addition to Sr, the apatite structure is known toated as SrgCl,.

incorporate large amounts of rare-earth elem&HEg),

particularly the lighter onedREB. Hugheset al. Discussion

(1991b) and Fleet & Pan (1995, 1997) have demon-

strated a strong site-preference for Ca(2) among the The results of this study support previous findings

LREE The sample of belovite studied here presents é8udarsanan & Young 1980, Hughetsal. 19914, Bigi

interesting case in which both Sr abREE compete

for the Ca(2) sites, and illustrates the dissymmetrization

that occurs because both cannot occupy Ca(2).

Ca2-02

Belovite{Ce) 241 1

The ideal formula for belovite is §Na;REE) & 2.40 -
(POy)s O24(OH,F,Cly, equivalent to apatitgensu stricto %
with the following substitutions: Ca(prs and Ca(ly -~ 2.39 -
Na:,REE.,. The present study confirms the previousg
findings that Sr overcomes tiREEin competition for @ 5 35
the Ca(2) sites of apatite. Optimization of the site as-
signments for th&r, Na, andCesites using the method ) 37
of Wright et al. (2000) yieldsSr: (Sr.ssCen.0dNa0.05 - 0.05 o1 of15 0.2

Bag.odNdo 029, Na: (Nag.gdNdp 14 109, andCe (Cey 3 )
Lag 31Sl.2Ban.od. Thus each of the three Ca substitu- Atoms Sr/Site
ents (Sr, NaREE) dominates one site, which has modi-
fied its topology to accommodate the specific ion.

In belovite, Sr substitutes into the Ca(2)-equivalent
sites of the apatite structure. Thus Sr effectively pre-
cludesREEfrom occupying the Ca(2)-equivalent sites. 253 -
The remaining Ca sites, the sites equivalent to Ca(1) ofg
apatite, must respond to occupation by essentially equa 2 52
amounts of Na an®EE ions with distinctly different 8 g
ligation requirements. Unlike the single Ca(1) site in @ 251 1

Ca2-03'

C
apatitesensu strictploss of symmetry iR3 yields two g

Ca(1) subequivalents, one dominated by Na and the ‘
other byREE 2.50 - ‘ * ‘

The Ca(l) site in apatiensu strictdonds to nine 0 0.05 0.1 015 02
atoms of oxygen [X O(1), 3X O(2), and 3x O(3)] in Atoms Sr/Site
the topology of a tri-capped trigonal prism. The Na and
Ce equivalents to Ca(1) in belovite-(Ce) display signifi- Ca2-03
cantly different bond-lengths to the oxygen atoms of
their respective polyhedra; <Ng©=2.732 A, <Ceg@>
=2.560 A (Table 4). The principal difference lies in thg- 2.365
bonds to the apatite-equivalent O(3) sites, termed O@)
and O(4) in belovite-(Ce). The oxygen atoms that a@ 2-360
O(3) equivalents in apatite are separated by 0.55 A+ 2.355
belovite-(Ce), allowing the Ce—0(3) bond length ob
2.638 A and an Na—O(4) bond length of 3.207 A; tH8 2.350 -
bonds would be equivalent in tiR&;/m apatite struc-
ture. Indeed, with an Na—O bond length of 3.207 A, the
Na coordination is probably more appropriately consid-
ered a Na@trigonal pyramid; the long bonds through Atoms Sr/Site
the prism faces each contribute only 0.02 valence units.

In all previous investigations of the structure ofig. 1. Variation in the SO bond length with extent of Sr
belovite, Cl was not recognized as a column anion. As incorporation in strontian fluorapatite.

2.370 -

2.345 ‘
0 0.05 0.1 0.15 0.2
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et al.1998) that Sr almost exclusively occupies the ap&hiversity Instrumentation Laboratory is sincerely

tite Ca(2) site, even in the case of belovite, where theifeanked for maintaining the X-ray instrumentation.

is competition for that site by La and Ce. This result

suggests that control of tRREE distributions between REFERENCES

the two Ca sites in synthetic crystals of apatite can po-

tentially be gained by concurrent doping with Sr. BeANDRESVERGES M., HiGEs-RoLANDI, F.J. & GonzALEZ-Diaz,

cause the emission characteristics of a luminescenceP-F: (1980): Is there a continuous cation migration in cal-

activating ion is dependent in part on the crystal field i';g"l_;gom'um hydroxyapatites’? Solid State Chers3,

around that ion, it thus may be possible to tailor the '

emission characteristics of apatite hosts by controllinge; A.. FaLni, G., Gazzano, M., Roveri, N. & TeEpEscq E.

the distribution of activating lanthanides between the (1998): Structural refinements of strontium substituted

two Ca sites with specific Sr codoping. hydroxylapatitesMaterials Sci. Forun27§2), 814-819.
Hugheset al. (1991b) presented high-precision re- ] )

finements of the structure of four natural samples &uorr, J.C. (1994)Structure and Chemlst'ry of the Apatites

REEbearing apatite. Like for Sr, they found a high pref- a?‘d Other: Claluum Orthophosphatésevier, Amsterdam,

erence of the lighREE (La—Nd) for the Ca(2) site. The Netherlands.

Clearly, however, from our results for belovite-(Ce), the\yng, R.C., Weser W.J. & QinarD, F.W., &. (1995): Ra-

preference of Sr for Ca(2) is greater than that of the giation effects in nuclear waste forms for high-level radio-

LREE such that th&@EE are excluded from the Ca(2)  active wasteProgress in Nuclear Energ39(2), 63-127.

site and adopt a Ca(1) site. The greater preference of Sr

over the lighiREEfor the Ca(2) site can be understoodfAURE, G. & PowELL, J.L. (1972)Strontium Isotope Geology

if the bond-valence sums for these ions in the two Ca SPringer-Verlag, New York, N.Y.

sites of the apatite structure are considered. Hughe

al. (1991b) showed that the ligREEE are overbonded
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