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Ordering of divalent cations in the apatite structure: Crystal structure
refinements of natural Mn- and Sr-bearing apatite
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Ansrru,cr

High precision (R = 0.021) single-crystal structure refinements of four apalite samples
were undertaken to elucidate the ordering of Mn and Sr in natural apatite and to determine
the structural response to substitution of these divalent ions in the apatite atomic arrange-
ment. The crystals studied were naturally occurring and had compositions (Mn,,r,, Mooor,
Srour, and Srorn atoms/ten Ca sites) typical of apatite in many igneous, metamorphic, and
sedimentary rocks.

In contrast to the findings of a previous Rietveld study, the symmetry of Mn-bearing
apatite does not degenerate ftom P6r/m to P6. or P3 with Mn substitution, nor does
degenerate symmetry limit Mn substitution to one atom/unit cell. The substituent Mn2*,
which is smaller than Ca2t, preferentially occupies the larger apatite Cal site although not
completely. The Mn atom is underbonded in either Ca site but less so in the larger Cal
site; the nine O atoms coordinating that site more effectively satisfy the Mn bond valence
than the seven ligands of the Ca2 site. M-O bond lengths of the Mn-substituted sites reflect
the substitution of the smaller Mn ion.

The Sr2* ion, which is larger than Ca2*, is ordered almost completely into the smaller
Ca2 site in the apatite structure. Bond valence sums of the Sr ion in the two sites dem-
onstrate that Sr is severely overbonded in either apatite Ca site but less so in the Ca2 site.
The complete ordering of Sr into the Ca2 sites has important implications for diftrsion of
that element in the apatite structure, the subject of several recent studies. Diffusion of Sr
in (001) has been shown to be as rapid or more rapid than diffusion parallel to [001]. As
there are no sites available to Sr that are linked in (001) nor any interstitial sites that can
contain the Sr2" ion, a diffusion mechanism involving vacancies or defects or both is
indicated.

INrnonucrroN

Numerous mineralogical studies have addressed the
ordering of anions and cations in the apatite structure. In
calcium phosphate apatite, the difference in size and
bonding ligands (Ca-O vs. Ca-O, F, Cl, OH) of the two
crystallographically distinct Ca sites enables extensive
substitutions involving both divalent and trivalent cat-
ions to occur. Among divalent cations, the most common
substituents in natural apatite are Mn2* and Sr2*.

The presence and behavior ofSr in the apatite structure
are important in petrologic studies, especially ones that
involve Rb-Sr isotope systematics or trace element mod-
eling of granitoid systems. Recent experimental studies
that address the behavior of Sr in apatite include those
of Farver and Giletti (1989) and Watson er al. (1985) on
diffusion of Sr in apatite, and Watson and Green (198 l)
on partitioning of Sr between apatite and melt. Crystal-
lographic and spectroscopic studies that examine order-
ing of Sr between the two Ca sites provide conflicting
results.

Mn-bearing apatites have for many years been of spe-
cial interest to materials scientists in the fluorescent light-

ing industry. More recently, Suitch et al. (1985) noted
that the presence of minor amounts of Mn in phosphate
ores may be a potentially important source of Mn because
of the large volumes of phosphate ores processed an-
nually. Crystallographic research results on the ordering
of Mn2* are also contradictory.

In this paper, we present the results of four crystal
structure refinements of Mn- and Sr-bearing apatite sam-
ples. Our study involves natural materials and emphasiz-
es compositional variants typical of many igneous, meta-
morphic, and sedimentary occurrences. These data are
among the first high-precision refinements obtained spe-
cifically to address the ordering of Mn and Sr within the
apatite atomic arrangement.

Pnrvrous woRK

Numerous experiments, with contradictory results, have
addressed the ordering of substituent Sr and Mn cations
between the two nonequivalent Ca sites (Cal, Ca2) in
apatite. In a predictive study based on energy analysis of
cation ordering in apatite, IJrusov and Khudolozhkin
(1975) suggested that the "high" preference of Mn2* for
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Tasle 1. Crystal data and results of crystal structure refinements for Sr- and Mn-bearing apatite

Sroo Sfo r" Ml l , , , Mooo,

Size (mm)
Unit-cell dimensions

Least squares
a (A)
b (A)
c(A)
4 (')

p f )
? (')

Structure ref inement (P6s/m)
a (A)
c(A)

d range
Reflections
Scan time
Scan type
Number of data
Unique data
R.-n.
Reflections / > 3o,
Refined parameters
R
R.
Ap residua (e A 3)

(+ )
(-)

0 . 1 6 x 0 . 1 5 x 0 . 1 4

s.3s1(2)
9.390(1)
6.901 1(8)

89.97(1 )
90.03 (1)

120.02('t)

9.3902
6.9011
0.sJe

+ h +  k +  I
< 7 5 s
0t20
1740

J 5 /

0.016
433
42
0.015
0.023

o.422
0.413

0 . 1 6 x 0 . 1 6 x 0 . 2 0

e.377(21
9.380(2)
6.8922(7)

90.00(1 )
90.01(1)

1 19.97(1)

9.3786
6.8922
0.5Je

+ h + k + l
< 8 0 s
0l2e
1737
557

0.o21
448
42
0.021
0.026

o.377
0.470

0 . 1 7 x 0 . 1 0 x 0 . 0 8

9.344(2)
9.U2(2)
6.823(1)

90.05(1 )
89.e8(1 )

1 19.98(1)

9.3430
6.8227
0.1J0.

+ h +  k +  I
< 7 0 s
0120
3225
545

0.023
373
42
0.017
0.021

0.325
0.329

0 . 1 6 x 0 . 1 3 x 0 . 0 8

9.361(1)
e.358(1)
6.860(1 )

89.98(1)
s0.02(1 )

120.01(1)

9.3596
6.8603
0.1-30

+ h + k + l
= 9 0 s
0120
1731
554

0.017
419
42
0.015
0.020

0.308
0.310

/Vote.' For Table 1 and subsequent tables, numbers in parentheses denote 1 esd of the least significant digit.

the Cal site and the "medium" preference of Sr for the
Ca2 site in fluor- and hydroxylapatite results from the
ditrering electronegativity of the ligands of the two sites,
i.e., Cal-O, vs. Ca2OuX(where X: F, OH). In a structure
analysis of a synthetic strontium apatite [Sr.Car(PO")rfl,
Klevcova (1964) demonstrated that the symmetry of the
compound degenerates Io P6, from the P6r/m of end-
member fluorapatite and that the Sr atoms are distributed
between the degenerate equivalents ofboth P6r/m sites.
Klevcova and Borisov (1964) reported the structure of
belovite [NaCeSrr(PO.)r(OH)] and concluded that the Sr
is ordered solely into the Ca2 sites, with degenerate sym-
metry of P3 that results from ordering of the Na and Ce
atoms. Khudolozhkin et al. (1972) synthesized a series of
Sr-substituted hydroxylapatite samples and determined
the ordering of Sr between the two cation sites based on
the intensity ratios derived from eight reflections mea-
sured using a powder diffractometer. They concluded that
Sr preferentially occupies the Ca2 sites in apatite with
- l0o/o Sr substitution but that the degree ofordering de-
creases as the Sr content increases. Heijligers etal. (1979)
and Andres-Verges et al. (1980) suggested, on the basis
of powder X-ray and infrared spectra, respectively, that
the Sr occupies both Ca sites in Sr-substituted synthetic
hydroxylapatite, but the ratio Sr.",/Sr*, varies as a func-
tion of composition.

Numerous studies, also with contradictory results, have
been undertaken to determine the ordering of Mn2* be-
tween the two Ca sites in the apatite atomic arrangement.
In a summary of studies that were undertaken using elec-
tron paramagnetic resonance, thermoluminesence, and
infrared spectroscopic techniques, Suitch et al. (1985)
noted that Mn2* substitutes for Ca2, at the Cal site ex-

clusively or preferentially. The Suitch et al. study, which
employed neutron diffraction and the Rietveld method
on synthesized powders with -% Mn2* atoms/unit cell,
concluded that the Mn-substituted P6r/m apatite struc-
ture degenerates to at least P6, and perhaps P3 and that
the Mn atoms occupy a subset of the P6'/m Cal sites.
Furthermore, their results suggested that rotations of the
POo groups in response to local substituent Mn atoms
limit Mn substitution to a maximum of one Mn2*/unit
cell (i.e., per ten Ca sites), a maximum in accord with
that observed in a previous infrared spectroscopic study.
It should be noted, however, that in the Suitch et al. study
occupancy was not modeled using thermal neutron scat-
tering factors for Mn and Ca but by refining Ca multi-
plicity factors and thus inferring site occupancy. In ad-
dition, in none of the three model space groups (P6'/m,
P6y P3) were they able to refine all anisotropic thermal
parameters to positive, definite values.

ExprnnvtpNlrlr-

The analyzed specimens of Mn-bearing apatite are from
Branchville, Connecticut (American Museum of Natural
History no. AMNH C69824), and from the Harding
pegmatite, Taos County, New Mexico (Northrup et al.,
1989). Microprobe analysis (Dwight Deuring, Southern
Methodist University, analyst) of the former gave
6.81 wto/o MnO and yielded unit-cell contents of
(Ca, , ,  Mn, ooFeo ,oNao.orCeo or) ,0 ooPu ooOro (F,  o,  OHo ,r ) ,
whereas the X-ray refinement gave |.21 Mn atoms/unit
cell for the same crystal. The disparity between the mi-
croprobe value (1.00 Mn atoms) and the refinement value
(1.21 Mn atoms) is probably due in large part to the 0.10
Fe and 0.02 Ce atoms/unit cell. Microprobe analysis of
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Trau 2. Positional parameters and equivalent isotropic tem-
perature factors (Al for Sr- and Mn-bearing apatite
samples

Taele 4. Selected bond lengths for Mn- and Sr-bearing apa-
tite (A)

Slo* Sro* Mflr ' Mhoo,

Cal
Slo*
Slo r"
M h , . ,
M]loo,

Ca2
Slo *
Slo r.
Mr l , . ,
Miloo,

P
Slo *
Slo r"
Mh, 

",MDoo,
o1

Sfo*
Sfo*
Mflr rt
Mooo,

02
Slo *
Slo..
MIl, ,,
MDoo"

o3
Slo *
Slo..
Ml1r ,
Mooo,

F
Slo*
Sro*
Mtl, rt
Mf,o n,

0.850(7)
0.732(8)
0.947(9)
0.828(6)

0.7s2(8)
0.670(8)
0.88(1)
0.751(7)

0.60(1)
0.51(1)
0.71(1)
0.s73(e)

0.95(3)
0.s0(3)
1.19(4)
0.97(3)

1.13(4)
0.s8(3)
2.01(6)
1.29(3)

1.26(2)
1.1 6(2)
1.87(3)
1.39(2)

2.00(5)
1.e3(5)
2.31(71
1.87(41

Ca1-O1 (x3)
02  (x3)
03 (x3)

Mean
Ca241

02
03 (x2)
0 3 ' ( x 2 )
F

Mean",y
P-O1

02
03  ( x2 )

Mean

2.404(11
2.457(21
2.810(1)
2.557
2.687(21
2.388(2)
2.357(2)
2.s07(1)
2.2991 (5)
2.467
1.s34{2)
1.54q2)
1.5330 )
1.535

+3
43
q3

rya

0
0
0
0

% 0.00086(9)
l/s 0.00092(9)
Vs 0.0021(1)
% 0.0015s(9)

2.3e8(1) 2.363(21 2.382(1)
2.4s7(2) 2.435(21 2.447(21
2.804{1) 2.807(2) 2.803(1)
2.555 2.535 2.544
2.691(2) 2.712(2) 2.694(1)
2.376(21 2.375(21 2.371(2)
2.352(21 2.324(2) 2.343(1)
2.502(11 2.491(2) 2.491(1)
2.2s93(5) 2.2903(71 2.2947(5)
2.464 2.453 2.456
1.536(2) 1.534(3) 1.537(2)
1.s41(21 1.s33{2) 1.53s(2)
1.533(1) 1.52s(2) 1.528(1)
1 .536 1.529 1 .533

-0.00854{s) 0.24046(s) v4
-0.00788(s) 0.24114(5) v4
-0.00708{7) 0.24151(71 v4
-0.00704(5) 0.24157(5) Y4

0.36912(7) 0.39843(7)
0.36899(7) 0.39827(7)
0.36997(9) 0.39878(9)
0.36937(6) 0.39843(6)

0.4846(2) 0.3269(2)
0.4852(21 0.3272(21
0.4883(2) 0.3298(2)
0.4859(2) 0.3273(21

0.4665(2) 0.5877(2)
0.4670(2) 0.5879(2)
0.4656(3) 0.s882(3)
0.4666(2) 0.s882(2)

0.2s74(1) 0.3416(2)
0.25737(1) 0.3418(2)
0.2s81(2) 0.3406(2)
o.2s7s(1) 0.3414(1)

V4
Y4
V4
t/4

Ul
V4
V4
r/t

V4
V4
V4
th

0.071 1(2)
0.0706{2)
0.0702(3)
0.o707l2l

the Harding pegmatite sample used in the structure
study gave 2.81 wto/o MnO and unit-cell contents of
(Ca, , rMno o,  Sfo o,Nfu o,) ,0 o2P5 e8O24 (F*uOHo ,o) ,  in con-

trast to 0.42 Mn atoms/unit cell by X-ray refinement. In
the following tables, these samples are labeled Mn, r, and
Mnoor, respectively, on the basis of their Mn content per
unit cell as obtained from the X-ray refinement.

Although Sr enters the apatite structure in amounts
significant enough to form unique minerals (e.g., belov-
ite), we chose to analyze natural Sr-substituted fluorapa-
tites with Sr concentrations typical of geologic samples.
Specimens of Sr-bearing apatite from the Kola Peninsula
were obtained from the Smithsonian Institution
(SMl13855) and from the American Museum of Natural
Hisrory (AMNH 35876). The individual crystals used in
the X-ray refinement were analyzed by electron micro-
probe (Dwight Deuring, Southern Methodist University,
analyst). The analysis of the Smithsonian crystal used for
structure refinement gave 3.83 wto/o SrO and yielded unit-
cell contents of (Car rrSro ooNao onCeo ou),. os (Ps 87SL 06)5 e3O24-
(F,,r). The X-ray refinement yielded 0.63 Sr atoms/unit
cell; we attribute the disparity between the X-ray and
microprobe results to analytical error and to the presence
of 0.06 Ce atoms,/unit cell. Microprobe analysis of the
AMNH specimen used in the X-ray study gave 2.70 wto/o
SrO and yielded unit-cell contents of (CarrrSrorrN?oor-

Mno o, Ceo.or),..,' (P5 86 Sio,.o), noOro (F, r, OHo rr), in contrast
to 0.29 Sr atoms/unit cell by X-ray refinement. In the
following tables these samples are labeled Sro u, and Sro rn
respectively, on the basis oftheir Sr content per unit cell
as obtained from the X-ray refinement.

Each crystal was examined using precession methods
to confirm hexagonal symmetry (Laue group 6/ m) and the
absence of superstructure reflections. Unit-cell parameters
were refined (no symmetry constraints) using diffraction
angles from 25 automatically centered diffractions, mea-
sured on an Enraf-Nonius CAD4 single-crystal diffrac-
tometer. Intensity data were measured on the same in-
strument, and either three or six symmetry-equivalent
reflections were measured for each diffraction (Table l).
Absorption was corrected using an empirical ry'-scan tech-
nique (North et al., 1968) employing intensity data ob-
tained from 360',y' scans collected at l0o intervals. Details
of data measurements and structure refinements are listed
in Table l.

Crystal structure calculations were undertaken in space
Eroup P63/m using the SDP set of programs (Frenz, 1985).
Neutral-atom scattering factors were employed, including
terms for anomalous dispersion. Reflections with 1 < 3o,
were considered unobserved, and observed reflections were
weighted proportional te o,-2, with a term to downweigh
intense reflections. Full-matrix least-squares refinement
was undertaken by refining positional parameters, a scale
factor, anisotropic temperature factors, an isotropic ex-
tinction factor, and site occupancy for the Cal and Ca2
sites using the fluorapatite data ofHughes et al. (1989) as
starting pararneters. For all crystals, column anions were
modeled using only F because of the small amount of OH
present.

Table 2 contains positional parameters and isotropic
temperature factors for the four structures, and Table 3t
presents anisotropic temperature factors. Table 4 contains
selected bond distances, and Table 5 gives occupancies of

' Copies of Tables 3 and 6 may be ordered as Document AM-
9l-482 from the Business Oftce, Mineralogical Society of Amer-
ica, ll30 Seventeenth Street NW, Suite 330, Washington, DC
20036, U.S.A. Please remit $5.00 in advance for the microfrche.

0
0
0
0

Y4
Y4
Y4
Y4



Ca1
Ca2

Total

Ca1
Ca2

Total

0.82(3)
0.3e(3)
1.21

0.33(2)
0.09(2)
0.42

Total Sr'

r 860

TABLE 5. Site occupancies for Mn- and Sr-bearing apatite

Total Mn.
Valence sum

Mn/site for Mn**
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Sr/site
Valence sum

for Sr-'

2 4 6

0 0  0 1  0 2  0 3

Mr/Site

0 0  0 l  0 2  0 3
Mn / Site

Fig. l Variation of CaI -O bond lengths with substituent Mn.
Datum with Mn : 0.0 is fluorapatite of Hughes et al. (1989).
Best-fil second order curve through data is denoted.

Mn2* has a 3ds valetce electron configuration and can
occur in either a high-spin or a low-spin state. However,
as noted by Peacor (1972), for the coordinating ligands
normally found in natural minerals (including O' , OH-,
Cl , and F , the ligands for the Cal orCa2 sites in apatite),
the crystal field is relatively weak and thus only the high-
spin case occurs. Thus, the tlre! electron configuration
yields no crystal field stabilization energy, and only radius
and site geometry should control Mn substitution in the
apatite structure.

Despite substitution by numerous elements in the ap-
atite Ca sites, Mn2* is the only divalent, period-4 element
to substitute in the sites to any extent. For sevenfold co-
ordination, the coordination of the Ca2 site in apatite,
Shannon (1976) gives a radius value of0.90 A for hlgh-
spin t71Mn2*, in contrast to a value of 1.06 A for olca2+.

For ninefold coordination, approximating the crystal field
for the Cal site in apatite, values are not available for
Mn. The size contrast between Ca and Mn results in a
significant effect on the bonding at the apatite Ca sites.
Table 5 gives bond valence sums for Mn2* in the two sites
(calculated using the constants of Brown, l98l). These
data show that Mn is underbonded in either Ca site al-
though less so in the Cal site. (It should be noted that the
bond valence sums were calculated using the average M
site, as different sites for Ca and Mn were not distin-
guished.) Although the Cal site is the larger of the Ca sites
in the apatite structure in terms of average bond length,
its coordination to nine O atoms (vs. seven ligands for
the Ca2 site) more closely satisfies the formal charge of
the Mn ion. It is interesting to note that apatite effectively
acts as a geochemical sieve that traps Mn2* and excludes
Fe2*, elements that are virtually inseparable in most geo-
chemical systems. Bond valence sums for Fe2* in the ap-
atite Ca sites yield 1.26 and l. I 9 valence units for the Ca I
andCa2 sites, respectively; the large discrepancy from the
formal valence prohibits extensive substitution of Fe2* in
the apatite structure.

o.21
0.07

Mnoo"
0.08
0.02

d

(..)M h , , ,

I  z ss

O
s  2 5 4

2 5 3

1.44
1 .31

1 .41
1 .29

Mn/Site
0 0  0 t  0 2

Mn/Site
0 0  0 l  0 2

2 5 6

Ca1
Ca2

Total

0.066(7)
0.563(9)
0.629

0.007(7)
0.288(9)
0.295

Sfo-".

Slo r"

0.017
0.094

2.94
2.70

2.97
2.75

Ca1
Ca2

Total

0.002
0.048

. Values obtained from X-ray refinement
.* Valence sums in valence units.

the Ca sites in the apatite structures. Table 6 gives ob-
served and calculated structure factors.

DrscussroN oF THE srRUcruRES

Mn-bearing apatite

The structure refinements of Mn-bearing apatite do not
support the suggestion that apatite symmetry degenerates
to P6, or P3 with inclusion of small amounts of Mn2*
(Suitch et al., 1985). Both apatite structure refinements
were well behaved in space group P6r/m, as illustrated in
reasonable thermal parameters, smooth convergence of
all parameters, small R-".r" values in space group P6r/m,
and final refinement R values <0.017 (Table l). Thus we
report all data for space group P6r/mfor lack of evidence
to the contrary.

Suitch et al. (1985) also suggested that the upper com-
positional limit for Mn-bearing apatite is one atom/unit
cell, corresponding to 6.9 wto/o for Mn-bearing fluorapa-
tite. However, in microprobe analyses of Mn-bearing ap-
atite we have found concentrations as high as 7.3 wto/o,
and an unpublished study by Miller and others (Mary K.
Roden, personal communication) yielded apatite with up
to 7 .87 (4) wto/o MnO, giving I . I 7 Mn atoms/unit cell. In
addition, other published analyses present MnO concen-
trations of 7.59 fio/0, yielding 1.09 Mn atoms/unit cell
(Deer et al., 1962). These results suggest that the putative
one atom/unit cell limit for Mn occupancy may not be
real.

In the Mn-bearing apatite samples examined in this
study, Mn displays a distinct preference for the apatite
Cal site, although it is not excluded from the Ca2 site.
Table 5 presents the Mn occupancy for the Cal and Ca2
sites in both apatite crystals studied. As shown there, the
Cal site contains 0.82 of the l.2l total Mn atoms for the
Branchville specimen and 0.33 of the0.42 Mn atoms for
the Harding pegmatite sample.



The response of the calcium apatite structure to Mn2+
substitution is evident in both Ca coordination polyhedra.
Figure I displays bond lengths for the Mn-substituted Ca I
site, which is the site with the higher Mn concentration;
the figure also shows the fluorapatite data of Hughes et
al. (1989) for comparison. With increasing Mn content,
the shorter Cal-Ol and Cal-O2 bond lengths decrease
nearly linearly. The length ofthe significantly longer and
weaker Cal -O3 bond remains approximately constant with
these levels of Mn substitution. The mean Cal-O dis-
tances for both Mn-substituted structures are smaller than
that of fluorapatite (2.535 A and 2.544 A vs. 2.554 A).
With increasing Mn content, variations in individual bonds
in the Ca2 polyhedron are irregular. Both long Ca2-Ol
and short Ca2-O3 bonds change significantly but in op-
posite directions. Mean Ca2 distances are essentially iden-
tical for the two manganese apatite samples and slightly
shorter than that ofthe fluorapatite ofHughes et al. ( I 989)
(e.g. ,2.453 A and 2.456 A vs.  2.463 A).

Sr-bearing apatite

The Sr2* ion is significantly larger than the Ca'* ion.
Shannon (197 6) gave radii values of I .3 I A for lersr2+ and
l.2l A fs1 tzl$12+' these values compare wittr t.t8 A and
1.06 A for telca2+ and I7lCa2+ Ibr Ca in coordination of the
apatite Cal and Ca2 sites, respectively.

The several studies cited previously are contradictory
with regard to ordering of substituent Sr in the apatite
structure. The results of this study demonstrate that in
these natural samples ofgeologically typical Sr abundance,
Sr2* is ordered almost completely into the apatite Ca2
sites. Table 5 presents the Sr occupancy ofthe two apatite
cation sites. As shown therein, only 0.07 Sr atoms occur
in the Cal sites in the sample with 0.63 Sr atoms, and
0.007 Sr atoms occur in the Cal site in the sample with
0.29 Sr atoms/unit cell. The reason for the observed or-
dering is evident from calculations of bond valence sums
for Sr in the two apatite sites. Table 5 includes data that
indicate that the large Sr ion is grossly overbonded in both
Ca sites but less so in the Ca2 site. The results of the X-ray
refinements demonstrate that the extreme overbonding
for Sr in the Cal site (one valence unit greater than the
formal valence) cannot be overcome by structural ad-
justments involving O atoms, and thus Sr is ordered al-
most exclusively into the Ca2 site.

The ordering of Sr into the apatite Ca2 site provides
constraints on the mechanisms ofdiffusion ofSr in apatite.
Watson et al. (1985) found that Sr diffusivity rates were
greater perpendicular to the c axis than parallel to the c
axis. Although the differences in diffusion rates were small,
they were larger than the precision of the measurements.
Farver and Giletti (1989) observed minor anisotropy for
Sr diffusion in apatite, although they noted that their re-
sults are too scattered to contradict the Watson et al.
conclusion of diffusion anisotropy at temperatures ex-
ceeding 1050 "C.

In the apatite structure, the Ca2 sites are hexagonally
disposed about the central anion column. Adjacent Ca2
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Pig. 2. Variation of Ca2-O bond lengths with substitution of
Sr. Datum with Sr : 0.0 is fluorapatite of Hughes et al. (1989).
Best-fit second order curve through data is denoted.

sites related by the 6, axis are linked through a shared 03
atom. In fluorapatite, the adjacent Ca2 sites are separated
by a distance of 4.14 A and form a helix of linked poly-
hedra whose axis is parallel to c. This helix of linked sites
provides a structural framework that allows volume dif-
fusion ofSr by an exchange mechanism between adjacent
Ca2 sites or by migration of vacancies along the chain. In
contrast, difftrsion in (001) is hampered by the surround-
ing cation polyhedra. The central channel of Ca2 sites,
which contains the substituent Sr ions, is surrounded by
polyhedra in (001) for which Sr is excluded, i.e., the P
and Cal sites. Transport by means of jumps involving
interstitial sites is also unlikely. To test for the existence
of interstitial sites that could accommodate the Sr2* ion,
we calculated the ligation of all interstitial sites in the
fluorapatite structure on a grid of 0. I x 0. I x 0.1 A. In
the room-temperature structure, no interstitial sites exist
that are capable ofcontaining the Sr ion, as all such sites
are less than 2.2 A from an O atom. Thus, if ditrusion
rates are indeed equal or faster in (001) than parallel to

[001], diffusion must be aided by vacancies or structural
defects, as movement through interstitial sites is not a
viable diffusion mechanism in the apatite atomic arrange-
ment.

The response of the calcium apatite structure to Sr2*
substitution on the order of 0.29 and 0.63 atoms/ten Ca
sites is significant only in tl;le Ca2 site. Figure 2 displays
bond distances for Ca2, which is the site containing most
of the Sr. With increasing Sr, the relatively shortCa2-O2,
-O3, -O3' bonds exhibit small increases (0.005-0.012 A)
in length, whereas the longer and weaker Ca2-Ol bond
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exhibits a small decrease (Fig. 2). The mean Ca2-O dis-
tances for both Sr-substituted apatite samples are not sig-
nificantly different and are comparable to that ofthe fluor-
aparire srudied by Hughes er al. (1989) (2.467 Aand2.464
A vs. 2.463 A;. nond distances for the Cal polyhedron
of both strontium apatite samples included in this study
and the fluorapatite ofHugheset al. (1989) are very similar
Q.s57 A and 2.555 A vs.  2.554 A).
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