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Structural variations in natural F, OH, and Cl apatites
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ABSTRACT

The crystal structures of the hexagonal (P6,/m) end-member apatites with the formula
Ca,(PO,);X (X = F, OH, Cl) were refined to R = 0.025, 0.016, and 0.020 for fluorapatite,
hydroxylapatite, and chlorapatite, respectively. In accord with earlier studies, the F atoms
in fluorapatite lie in the mirror plane in the 24 (0,0,%) special position. In hydroxylapatite,
the OH species is disordered in (0,0,z) positions 0.35 A above and below the mirror plane,
and in chlorapatite the CI is also disordered, in positions 1.2 A above and below the
mirror planes. In chlorapatite, the Cl anion is so far displaced from the mirror plane that
an additional, weak bond develops between Ca(2) and a second Cl anion, thus increasing
the Ca(2) coordination.

In the three end-members, differences in position of the column anions propagate
throughout the structure, but have minor, secondary effects on the Ca(1)O, polyhedron
and the PO, tetrahedron in terms of cation-oxygen bond lengths and polyhedron orien-
tation; average P-O and average Ca(1)-O bond lengths for the three structures are identical
within 0.005 A. The Ca(2)O,X(O) polyhedron, however, is greatly affected by anion sub-
stitution. Individual Ca(2)-X bond lengths are significantly different for the three struc-
tures, with the Ca(2)-X bond length varying between 2.311 and 2.759 A. The mean Ca(2)-
O distance ranges between 2.461 and 2.493 A.

The atomic arrangements of fluorapatite, hydroxylapatite, and chlorapatite suggest that
these end-members are immiscible in solid solution. The 1.2-A displacement of Cl from
the mirror plane in chlorapatite prohibits the existence of F and OH as immediate neigh-
bors at certain sites in the anion columns because of prohibitively short interatomic dis-
tances. Structural adjustments that enable solid solution to occur in Cl-bearing binary or
ternary apatites may include (1) major shifts in column-anion positions compared to those
in end-member structures, (2) reduction of symmetry from hexagonal to monoclinic in
ternary apatites, and/or (3) ordering of anions within individual columns but disordering
of columns throughout the apatite structure.

INTRODUCTION

Natural apatites of composition Ca,(PO,),(F,OH,Cl)
exhibit large variations in F, Cl, and OH contents. Pure
end-members are uncommon in nature, but binary and
ternary compositions are widely reported in igneous,
metamorphic, and sedimentary rocks. Petrologists have
proposed that the F-Cl-OH variations in apatites are po-
tential geothermometers (e.g., Stormer and Carmichael,
1971) and indicators of volatile fugacities in magmatic
and hydrothermal processes (e.g., Candela, 1986; Bou-
dreau and McCallum, 1987). Other recent studies have
shown that F, OH, and Cl concentrations correlate di-
rectly with properties such as etching rates and annealing
characteristics of U fission tracks in apatite (e.g., Green
et al., 1986; Crowley and Cameron, 1987).

Despite the ubiquitous nature of apatite minerals and
their potential usefulness as petrogenetic indicators, rel-
atively few structure studies of natural crystals have been
undertaken. The P6./m fluorapatite structure was de-
scribed more than 50 years ago (Niray-Szabd, 1930,
Mehmel, 1930), and the most recent modern refinements
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of the end-members were published in the early 1970s,
i.e., P2,/b synthetic chlorapatite by Mackie et al. (1972),
P2,/b synthetic hydroxylapatite by Elliott et al. (1973),
and P6,/m synthetic and natural fluorapatite by Sudar-
sanan et al. (1972).

In this paper, we report three new structure refinements
on natural P6,/m near-end-member fluorapatite, chlor-
apatite, and hydroxylapatites (binary and ternary apatites
will be described in a subsequent paper). These structures
differ from those of their synthetic counterparts, perhaps
as a result of differences in anion ordering caused by im-
purities and vacancies. The structural differences between
synthetic and natural crystals, and between end-member
and binary or ternary species, warrant careful consider-
ation where apatites are used in thermodynamic, diffu-
sion, fission-track, and partitioning studies.

EXPERIMENTAL DETAILS

Near-end-member specimens from several well-docu-
mented localities were chosen for study. The specimen of
fluorapatite is from Durango, Mexico (Young et al., 1969).
Electron-microprobe analysis and instrumental neutron
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TabLE 1. Crystal data and results of crystal-structure refinements for fluorapatite, hydroxylapatite, and chlorapatite

F

OH cl

Crystal size (mm) 0.08 x 0.13 x 0.16

Unit-cell dimensions
Least squares

a(h) 9.398(3)
b (A) 9.397(3)
c(A) 6.878(2)
o () 89.99(2)
80 90.02(2)
v 120.06(2)
Structure refinement
a 9.3973
c 6.8782
Reflections 1197
Unique reflections 379
Rierge 0.014
Reflections / > 30, 328
R 0.025
R, 0.029
Ap residua (e A-9)
0.388
= 0.745

0.25 x 0.20 x 0.10 0.35 x 0.25 x 0.20

9.418(2) 9.598(2)
9.416(2) 9.598(2)
6.875(2) 6.776(4)
2y ies
119.94(2) 119.96(2)
9.4166 9.5979
6.8745 6.7762
1201 1243
383 397
0.012 0.010
344 354
0.016 0.020
0.022 0.028
0.333 0.326
0.332 0.374

Note: Numbers in parentheses denote one esd of the least-significant digit.

activation analysis (INAA) yielded a composition of (Ca, o,-
Feg01910,01Ce0.02)4.94(P2.96810.0250.03)23.01012(F0.94Clo 0g)s1 02 Hy-
droxylapatite is represented by a specimen from Holly
Springs, Georgia (National Museum of Natural History
no. R-9498); analysis of this specimen by electron micro-
probe and INAA gave a composition of Ca, 55P; 5602(Fo 06-
Clo.0;OHg 915100 The OH content was determined by dif-
ference. The chlorapatite specimen is from Kragero, Nor-
way (American Museum of Natural History no. 23101),
and yielded a composition of (Ca, ssFeq 0Ny 0sCE 01)z4.05
P301012(Fo.00Closs)z097 by electron-microprobe and maa
analysis.

Crystals were examined under plane-polarized light to
insure that each specimen selected was an untwinned sin-
gle crystal. Preliminary precession studies were under-
taken, using a, b, and [110] axis photographs, to confirm
that monoclinic superstructure reflections were not pres-
ent and to verify the quality of X-ray diffraction maxima.

X-ray data for all crystals were measured using an En-
raf-Nonius cap4 single-crystal diffractometer and graph-
ite-monochromated MoKa radiation. Unit-cell parame-
ters were refined (no symmetry constraints) using
diffraction angles from 25 automatically centered reflec-
tions. Refined parameters and the idealized hexagonal
parameters (idealized as per Frenz, 1985) used for struc-
ture refinement are given in Table 1.

Data were collected from a quadrant of reciprocal space
to 52° 26. Intensities were measured using a 6/26 scan
technique, with scan widths determined by the relation-
ship w = 1.00° + 0.34 tan 4, to correct for dispersion of
the MoKa spectrum. Regularly interspersed intensity and
orientation standards were monitored throughout data
collection. A prescan of each peak during data collection
determined counting time, with a maximum of 90 s per

reflection. One-third of the total counting time was spent
determining background on both sides of the peak.

Data were reduced and corrected for Lorentz and po-
larization effects. Absorption effects were corrected using
an empirical psi-scan technique, using data obtained from
360° psi scans. Equivalent reflections were then merged,;
reflections with I < 3¢, were considered unobserved (Ta-
ble 1).

Crystal-structure calculations were undertaken in space
group P6,/m using the SDP-Plus set of programs (Frenz,
1985). Full-matrix least-squares refinement was under-
taken by refining positional parameters, scale factor, an-
isotropic temperature factors, and an isotropic extinction
factor. Weights proportional to ¢ were assigned to in-
dividual structure factors with a term to downweight the
contribution of intense reflections. Neutral-atom scatter-
ing factors, including terms for anomalous dispersion, were
used in the refinement.

For fluorapatite, starting parameters were taken from
Sudarsanan (1972); occupancy of the halogens was mod-
eled with 95% F, located on the mirror plane at (0,0,%),
and 5% Cl, constrained to lie at the Cl position obtained
in the chlorapatite structure refinement. For hydroxyl-
apatite, refinement was initiated using the parameters in
the fluorapatite study, although some symmetry con-
straints were released. It was assumed that the OH ions
were disordered along ¢ about the mirror plane at z = %
and that the hydroxyl O and H atoms were located in a
half-occupied (0,0,z) position, necessary in a P6,/m apa-
tite. The H positional parameter was refined, but the an-
isotropic temperature factors were fixed at those derived
from the neutron-diffraction data of Kay et al. (1964). The
crystal-structure refinement of chlorapatite was under-
taken using starting parameters from Mackie et al. (1972);
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TaBLE 2, Positional parameters and equivalent isotropic tem-
perature factors (A2) for end-member apatites

g y z B (A2

Ca(1)

F 2 1 0.0010(1) 0.91(1)

OH 24 Ya 0.00144(8) 0.929(7)

Cl 2 V3 0.0027(1) 0.99(1)
Ca(2)

F —0.00712(7) 0.24227(7) Va 0.77(1)

OH —0.00657(5) 0.24706(5) Va 0.859(9)

Cl 0.00112(6) 0.25763(6) Va 1.14(1)
[

F 0.36895(8) 0.39850(8) Va 0.57(1)

OH 0.36860(6) 0.39866(6) Va 0.62(1)

Cl 0.37359(7) 0.40581(7) Va 0.77(1)
o(1)

F 0.4849(2) 0.3273(3) Ya 0.99(4)

OH 0.4850(2) 0.3289(2) Va 1.00(3)

Cl 0.4902(2) 0.3403(2) Ya 1.34(4)
0(2)

F 0.4667(2) 0.5875(3) Va 1.19(5)

OH 0.4649(2) 0.5871(2) Va 1.25(3)

Cl 0.4654(2) 0.5908(2) Va 1.47(4)
0O(3)

F 0.2575(2) 0.3421(2) 0.0705(2) 1.32(3)

OH 0.2580(1) 0.3435(1) 0.0703(2) 1.57(2)

Cl 0.2655(2) 0.3522(2) 0.0684(3) 1.88(3)
X

F 0 0 Va 1.93(6)

O(H) 0 0 0.1979(6) 1.31(8)

H 0 0 0.04(2) 3.3

Cl 0 0 0.4323(4) 2.68(5)

Note: Numbers in parentheses denote one esd of the least-significant
digit.
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halogen occupancy was modeled with 0.86 atoms of Cl
disordered in a (0,0,z) position and 0.11 F atoms fixed at
(0,0,%), in accord with the microprobe data.

Data-collection procedures and the results of the re-
finements are summarized in Table 1. Table 2 contains
positional parameters and equivalent isotropic B values
for the end-member apatites, and Table 3 records aniso-
tropic thermal parameters for atoms in the three struc-
tures. Table 4 contains bond lengths and angles for the
three polyhedra of the end-member structures. In this
case, the term ““bond angle” is defined as the angle that
each cation-anion bond makes with each of the unit cell
axes. This usage is meant to facilitate comparison among
the structures by providing a common reference system.
Table 5! contains observed and calculated structure fac-
tors for the three structures.

STRUCTURAL VARIATIONS IN FLUORAPATITE,
HYDROXYLAPATITE, AND CHLORAPATITE

A detailed description of the P6,/m apatites was pro-
vided by Beevers and Mclntyre (1946). For the purposes
of this paper, we regard the structure as being made up
of Ca(1) and Ca(2) coordination polyhedra hexagonally
disposed about a central [001] hexad (Fig. 1). The F, Cl,
and OH ions lie in columns on these hexads at (0,0,z)

' A copy of Table 5 may be ordered as Document AM-89-412
from the Business Office, Mineralogical Society of America, 1625
I Street, N.W., Washington, D.C. 20006, U.S.A. Please remit
$5.00 in advance for the microfiche.

TaBLE 3. Anisotropic thermal parameters (A2) for atoms in end-member apatites

611 ﬁ22 ﬁSJ ﬁ12 ﬁlﬂ 623

ca(1)

F 0.00394(6)" 0.00394 0.0033(1) 0.00394 0 0

OH 0.00408(5) 0.00408 0.0033(1) 0.00408 0 0

cal 0.00462(6) 0.00462 0.0023(2) 0.00462 0 0
ca(2)

F 0.00256(6) 0.00361(6) 0.0034(1) 0.00299(9) 0 0

OH 0.00308(5) 0.00353(5) 0.00417(8) 0.00312(7) 0 0

cl 0.00449(6) 0.00526(6) 0.0037(1) 0.00456(8) 0 0
P

F 0.00208(7) 0.00231(7) 0.0032(1) 0.0025(1) 0 0

OH 0.00223(5) 0.00250(6) 0.0034(1) 0.00254(8) 0 0

cl 0.00310(6) 0.00330(6) 0.0034(1) 0.00368(9) 0 0
o(1)

F 0.0037(2) 0.0044(2) 0.0055(4) 0.0053(3) 0 0

OH 0.0036(2) 0.0044(2) 0.0059(3) 0.0054(2) 0 0

cl 0.0059(2) 0.0075(2) 0.0054(4) 0.0102(3) 0 0
02

F 0.0038(2) 0.0030(2) 0.0088(5) 0.0028(3) 0 0

OH 0.0035(2) 0.0031(2) 0.0105(3) 0.0032(2) 0 0

a 0.0049(2) 0.0036(2) 0.0109(5) 0.0040(3) 0 0
0(3)

F 0.0043(2) 0.0077(2) 0.0055(3) 0.0076(2) —0.0032(4) —0.0052(5)

OH 0.0050(1) 0.0096(1) 0.0070(2) 0.0101(2) —0.0050(3) —0.0082(3)

c 0.0062(1) 0.0113(2) 0.0076(3) 0.0119(2) —0.0070(4) —0.0109(5)
X

F 0.0029(3) 0.0029 0.022(1) 0.0029 0 0

O(H) 0.0030(3) 0.0030 0.012(1) 0.0030 0 0

cl 0.0056(1) 0.0056 0.027(1) 0.0056 0 0

Note: The form of the anisotropic temperature factor is exp — [8,1/2 + Bxk? + Bul? + Bihk + Bishl + B.sk/]. Numbers in parentheses denote one

esd of the least-significant digit.
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positions. The Ca(1) polyhedron is nine-coordinated, with
six shorter bonds that define an approximate trigonal prism
and three longer Ca(1)~O(1) bonds that emerge through
the prism faces. The Ca(1)O, polyhedra share (001) pin-
acoid faces to form chains parallel to ¢. The Ca(2) poly-
hedron can be considered to be a CaO,X octahedron, but
a seventh weak bond to O(1) (0.15 valence units) exists
in fluorapatite and hydroxylapatite, redefining the poly-
hedron as Ca0,X(0). The Ca(2) atoms within mirror planes
at z = 0.25 and 0.75 form triangles that are centered
around the [001] zone axes containing the X anions. Ad-
jacent Ca(1) and Ca(2) polyhedra are linked through oxy-
gen atoms shared with PO, tetrahedra.

Cation polyhedra

Changes induced in the natural apatites as a result of
differences in the column anion propagate throughout the
crystal structure. The effects on the Ca(1)O, polyhedra
and the PO, tetrahedra are minor, whereas those on the
Ca(2)O;X(0) polyhedron are significant.

Phosphate tetrahedra for the three structures are com-
pared in the orTEP (Johnson, 1965) plot of Figure 2. As
seen in that figure and Table 4, differences in anion content
effect only minor changes in both interatomic distances
and angles of the tetrahedra. Sets of analogous bond lengths
for the three structures differ by a maximum of 0.008 A.
Analogous O-P-O angles exhibit variations on the order
of 0.1-1.1°. Among the three structures, average bond
lengths vary within a range of only 0.005 A. Differences
of approximately 1° in the angular disposition of the P-
O(1) and P-0O(2) bonds with respect to the a and b axes
(Table 4) may reflect the slight displacement of Ca(2) in-
duced by changes in position of the column anion.

The Ca(1)O, polyhedra in the end-member apatite
structures also show little response to anion substitution,
as documented in Figure 2 and Table 4. The largest range
in individual Ca-O bonds involves Ca(1)~O(3), which
exhibits a variation of 0.014 A among the three structures.
Average bond lengths for the Ca(!) polyhedra of the three
apatites differ by only 0.005 A. Small (~ 1-3°) deviations
in orientations of bonds with respect to the crystallograph-
ic axes result from small differences in the z parameter of
Ca(l) in the three structures.

The major structural response to anion substitution in
the natural end-member apatites studied occurs in the
Ca(2)O;X(0) polyhedron (Fig. 2 and Table 4). Large dif-
ferences in position of the column anion (F, Cl, OH species)
are especially evident in Figure 2. Individual Ca(2)-X
bond lengths are significantly different for the three struc-
tures, with the Ca(2)-X bond length varying between 2.311
and 2.759 A (Table 4). The Ca(2)-O(1) bond length is
similar in fluorapatite and hydroxylapatite (2.70 and 2.71
A, respectively), but is 0.20 A longer in chlorapatite.

Geometry of the column-anion positions

The column anions in the three natural apatites ex-
amined in this study lie on [001] hexads. The F anions
lie in the 2a special position at the intersection of the
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TasLE 4. Bond lengths (A) and angles (°) with unit-cell axes for
cation polyhedra in end-member apatites

F OH cl
PA-O(1)* 1.537(3) A 1.534(2) A 1.533(3) A
a-P~-O(1) 22.14° 21.78° 20.80°
b-PA-O(1)* 142.14° 141.78° 140.80°
c-PA-O(1)* 90° 90° a0°
PA-O(2)* 1.539(2) A 1.537(2) A 1.538(2) A
a-P~0(2) 88.86° 89.26° 90.25°
b-PA-0(2) 31.14° 30.74° 29.75°
P02 90° 90° a0°
PA-O(3) 1.532(2) A 1.529(1) A 1.524(2) A
a-PAO(3) 120.71° 120.73° 120.81°
b-PA-O(3) 90.24° 89.97° 89.84°
c-P*-O(3) 143.70° 143.87° 143.86°

Mean 1.535 A 1.532A 1.530 A
Ca(1)»-O(1)r8¢ 2.399(2) A 2.404(1) A 2.407(2) A
a-Ca(1)»-0(1y* 134.44° 134.68° 135.86°
b-Ca(1)*-0(1)* 70.58° 70.21° 67.68°
c-Ca(1*-0(1)* 44.46° 44.69° 45.89°
Ca(1)*-0(2)°&F 2.457(2) A 2.452(2) A 2.448(2) A
a-Ca(1)*-0(2)° 131.42° 131.16° 131.81°
b-Ca(1)*-0(2) 56.09° 56.06° 56.19°
c-Ca(1)*-0(2)° 134.63° 134.81° 134.38°
Ca(1y-0(3)°eF 2.807(2) A 2.802(1) A 2.793(3) A
a-Ca(1)*-0(3)° 106.83° 106.86° 107.90°
b-Ca(1)*~0(3)° 16.32° 16.32° 15.39°
c-Ca(1*-0(3)° 100.09° 100.13° 99.93°
Mean 2.554 A 2.553 A 2.549 A

Ca(2)*-0(1)® 2.701(2) A 2.711(1) A 2.901(2) A
a-Ca(2)*-0(1)° 165.21° 164.11° 162.03°
b-Ca(2)*-0(1)® 74.79° 75.89° 77.97°

c-Ca(2-0(1)® 90° 90° 90°

Ca(2y-0(2) 2.374(2) A 2.353(1) A 2.306(2) A
a-Ca(2y-0(2)° 94.00° 93.49° 93.39°
b-Ca(2)-0(2)°¢ 26.01° 26.51° 26.61°

c-Ca(2*-0(2)° 90° 90° 90°

Ca(2*-0(3)"" 2.349(2) A 2.343(1) A 2.3312) A
a—Ca(2*-0(3) 109.91° 109.82° 112.19°
b-Ca(2)*~0(3) 77.53° 78.32° 77.69°
c-Ca(2y-0(3)F 159.84° 160.05° 157.74°
Ca(2*-0(3)~ 2.501(2) A 2.509(1) A 2.544(2) A
a-Ca(2)*-0(3)* 36.22° 35.70° 35.02°
b-Ca(2r-0(3)* 97.01° 97.74° 98.15°
c-Ca(2-0(3)* 119.58° 119.49° 118.92°
Ca(2)*-X 2.3108(7) A 2.3851(7) A 2.759(1) A
a-Ca(2)*-X» 58.57° 59.09° 63.63°
b-Ca(2)r-X* 178.57° 171.27° 153.40°
c-Ca(2P-X» 90° 81.37° 63.40°
Mean 2463 A 2461 A 2493 A

Note: A=x,y, z(Table2); B= -y, x—y,zC=y— x, —x, z,D =
—% —y, - ZE=y,y—-x-zF=x—-yx-zG=-x,—y %2+
ZH=y,y—-xV2+zl=x—-yxY+zd=xy2-zK=—y,
x—yVY—-zL=y—-x,—x %2 -z

hexads and mirror planes at z = 0.25 and 0.75. Each F is
bonded to three Ca(2) atoms that form a triangle within
the mirror plane. The OH anions are disordered 0.35 A
above or below the mirror planes, and Cl ions are dis-
ordered 1.2 A above or below the planes. The disordering
of Cl and OH from the 2a special position reflects the
structural accommodation required between the column
anion and the triangle of Ca(2) atoms. The Ca(2)}-Ca(2)
distances (and areas of the corresponding triangle) vary
from 4.002 A (6.94 A2) to 4.084 A (7.22 A?) to 4.273 A
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o e @ 00

Ca(2) [z = 0.75]

Fig. 1.

Schematic depiction of a portion of four unit cells of the apatite structure projected onto the (001) plane (after Bragg and

Claringbull, 1965). Solid, dashed, and dotted lines indicate bonds in the different polyhedra.

(7.91 A2 for fluorapatite, hydroxylapatite, and chlor-
apatite, respectively.

Because of its larger size and the longer Ca~Cl bond
length as compared to Ca—OH and Ca-~F, the Cl anions
in chlorapatite are displaced from the (0,0,') special po-~
sition on the mirror plane to two equivalent half-occupied
positions at (0,0,0.4323) and (0,0,0.0677). It has been
shown (Mackie et al., 1972) that in pure chlorapatite, the
Cl anions are all ordered above the plane in a given col-
umn and below the plane in adjacent [001] columns along
b. This ordering yields monoclinic P2,/b chlorapatite with
Brono = 2 X by, the monoclinic Cl end-member has been
found in nature, as reported by Hounslow and Chao (1970).
In the near-end-member hexagonal apatite refined in this
study, the column anions are not ordered because no su-
perstructure reflections were observed on precession pho-
tos. It is possible, however, that clusters of Cl anions are
ordered above or below the plane in a given column, but
the sense of ordering can be reversed by Fion “impurities”
or anion vacancies, as discussed by Elliott et al. (1973) and
Hounslow (1968). Thus the structure may contain regions
where the column anions are locally ordered, but overall
the average apatite structure has P6,/m symmetry (Fig.
3). In chlorapatite, the Cl anion is displaced so far from
the mirror plane (1.2 A) that a weak bond (0.09 valence
units) forms between Ca(2) and a second Cl anion, CI’,
located one-half unit cell away along ¢ [Ca(2)-Cl’ bond
distance = 3.27 A]. The slight overbonding of Ca(2) be-
cause of this weak Ca(2)-Cl' interaction is balanced through
reduced bonding between Ca(2) and O(1) in chlorapatite.

Kay et al. (1964) refined the crystal structure of hydrox-
ylapatite using three-dimensional X-ray (R = 0.075) and
neutron (R = 0.055) data. They determined that the OH
anions are disordered, half-occupying equivalent (0,0,z)
positions 0.35 A above and below the mirror planes. It
has been suggested (Elliott et al., 1973) that if insufficient
F anions or vacancies (<0.15 per site?) exist in the anion
columns, OH anions will order above the plane in a given
column and below the plane in the adjacent column along
b, again giving rise to monoclinic P2,/b symmetry with
boowo = 2 % b,,. In our diffraction experiments, long-
exposure precession photographs and diffractometer scans
showed no evidence of the monoclinic superstructure.

The arrangement of hydroxyls in the [001] columns of
the hydroxylapatite structure is shown schematically in
Figure 3. Clusters of hydroxyls exist that are ordered above
and below the mirror plane. In natural hydroxylapatites,
however, enough F “impurities” or anion vacancies exist
in a single column to act as “‘reversal” sites, thus giving
rise to a locally ordered structure that averages to the
disordered P6,/m model.

IMPLICATIONS FOR TERNARY APATITES

Apatite minerals with the formula Ca;(PO,),X (X = F,
OH, Cl) have long been considered as miscible isostruc-
tures even though few crystal-structure refinements have
been published on binary or ternary members of the sys-
tem. Observations on the hexagonal near—end-members
apatites of this study, however, clearly demonstrate that
the structural configurations of the column anions (F, Cl,
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Fig. 2. ortep (Johnson, 1965) drawings of PO, tetrahedra
and Ca(l) and Ca(2) polyhedra for the three apatite structures.
Each overlay is a superposition of the analogous polyhedra from
the three end-member structures drawn to the same scale and
with coincident central cations.

OH) are not miscible. In this section, we develop further
structural constraints that must govern binary and ternary
solution of apatites.

Consider, for example, a hypothetical binary apatite
with the composition Ca;(PO,);(OH, ;Cl, ;). If we assume
that the anion positions in this binary apatite are the same
as in the end-members, then its structure would have
anion columns that contain both Cl and OH anions that
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Fig. 3. Depiction (to scale) of anion columns in hexagonal
fluorapatite, hydroxylapatite, and chlorapatite. Column “F shows
F anions in fluorapatite located on mirror planes at z = %, % in
successive unit cells. Column “OH” depicts three successive hy-
droxyls in hydroxylapatite disordered 0.35 A above the mirror
planes and three successive hydroxyls disordered below the mir-
ror planes, with the sense of disordering reversed by an F anion
(stippled) “impurity” at z = 1%. Column “CI” shows three suc-
cessive Cl anions in chlorapatite disordered above the mirror
planes and three successive Cl anions disordered below the mirror
planes. The vacancy (O) at z = 1% in chlorapatite must exist in
order to reverse the sense of ordering, as F and OH species are
prohibited. Radii: F = OH = 1.4 A, Cl = 1.7 A. Scale of H atom
(solid circles) is arbitrary. Scale bar = 1 A.

are, on the average, disordered about the mirror plane. In
any column there are thus four possible anion sites as-
sociated with each mirror plane: an OH site located 0.35
A below the plane, an OH site 0.35 A above the plane, a
Cl site 1.2 A below the plane, and a Cl site 1.2 A above
the plane. On average, each of these four possible sites
would be one-fourth occupied by its respective occupant,
OH or Cl. Anion-anion distances (Fig. 4) calculated for
column anions using end-member data preclude such a
disordered P6,/m arrangement, however.

Examination of possible anion arrangements and Cl-
OH interionic distances demonstrates why complete dis-
ordering is not possible. For example, associated with one-
fourth of the mirror planes at z = % we would find a Cl
anion disordered 1.2 A above the plane. In this model,
possible neighbors along +c¢ include an OH anion below
the adjacent plane at z = % [CI-OH distance = 1.81 A],
an OH anion above the adjacent plane [CI-OH distance
=2.52 A, whereas ideal non-hydrogen-bonded Cl-O dis-
tance = 3.2 A], a Cl anion below the adjacent plane (Cl-
Cl distance = 0.92 A), and a Cl anion above the adjacent
plane, at a distance of ¢/2 = 3.41 A. Only the last config-
uration (Cl anions above the plane, ad infinitum) is rea-
sonable based on interionic distances. Vacancies can, of
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Fig. 4. Anion-anion distances (A) for column anions using
end-member data presented in this paper. Subscript “a” indicates
anion disordered above the associated mirror plane, subscript
“b” indicates anion disordered below the associated mirror plane.
Shaded cells indicate configurations prohibited because of un-
reasonably short interionic distances or juxtaposition of H ions.
All values were calculated assuming ¢ = 6.83 A, the average of
Con and cq.

course, initiate a new anion sequence in the column, al-
though it has not been established that stoichiometric va-
cancies exist in ternary apatites, nor how charge balance
would be maintained. This simple binary example can be
extended to ternary members including F anions in the
mirror plane, as well, because the CI-F distance (2.17 A)
would lie between the two CI-OH values described above.
It is thus clear that the ternary members of the apatite
system are not ideal solutions of the hexagonal end-mem-
bers. There are several possible ways, however, that ter-
nary solid solution can be accommodated. Extensive re-
arrangement of the end-member anion configuration, as
yet undefined, may occur in the ternary system to accom-
modate the Cl ion; anion vacancies may also play an
essential role in stabilizing these apatite structures. Fi-
nally, a completely disordered hexagonal structure may
be realized where there is anion ordering within individual
columns, but disordering among the columns themselves.

In a newly initiated study, we are analyzing the crystal
structures of binary and ternary apatites in the OH-F-Cl
system. Limited data obtained to date indicate that binary
and ternary apatites respond to solid solution in at least
two ways: (1) by large (~0.4 A) shifts of anion positions
relative to the end-members and (2) by reduction of ter-
nary apatite symmetry to monoclinic, where Ca(2) and
the column anions are no longer constrained by the hex-

HUGHES ET AL.: STRUCTURAL VARIATIONS IN APATITES

agonal symmetry elements, and thus a variety of anion
sites suitable for the three anions in ternary apatites are
created.
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