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ABSTRACT

Crystals of binary (LREE1HREE)-bearing fluorapatite [La,Gd-FAp, Ce,Dy-FAp, Pr,Er-
FAp, Eu,Lu-FAp; Ca10 2 x 2 2yNayREEx 1 y(P1 2 xSixO4)6A2, with x 5 0.12–0.20, y 5 0.26–
0.42; P63/m] have been grown from H2O-rich phosphate-fluoride melts, and their structures
refined at room temperature with single-crystal X-ray intensities to R 5 0.017–0.022.
These binary-REE-substituted fluorapatite samples have REE site-occupancy ratios (REE-
Ca2/REE-Ca1) of 2.32, and 2.32, 2.03, 1.71, respectively, which are 0.47–0.16 smaller
than corresponding ratios calculated using data for reference single-REE-substituted fluor-
apatite. Discrepancies in intracrystalline partitioning between multiple-REE-substituted ap-
atites and single-REE-substituted fluorapatite decrease with a decrease in REE concentra-
tion, becoming negligible at 0.2–0.3 total REE cations pfu in synthetic
binary-REE-substituted fluorapatite and at trace abundances of REE in natural apatites.
However, quantitative transference of laboratory REE site preferences to natural apatites
is frustrated by the compositional complexity in nature. In the synthetic fluorapatite, there
is a profound change in the spatial accommodation of REE in the apatite structure at about
the position of Nd in the 4f transition-metal series, corresponding to the peak in the ex-
perimental uptake curve. Discrepancies in intracrystalline partitioning between binary-
REE- and single-REE-substituted fluorapatite are attributed to non-ideal mixing of LREE
and HREE that results in contraction of the Ca1 coordination sphere.

INTRODUCTION

Fleet and Pan (1994, 1995a) investigated the site pref-
erence of rare earth elements (REE) for the two Ca po-
sitions (Ca1 and Ca2) in the structure of apatite using
X-ray structures of synthetic La-, Nd-, Gd-, and Dy-bear-
ing fluorapatite [La-FAp, Nd-FAp, Gd-FAp, Dy-FAp;
Ca10 2 x 2 2yNayREEx 1 y(P1 2 xSixO4)6F2, with x 5 0.24–0.32,
y 5 0.32–0.51; P63/m]. A preliminary report of the up-
take of REE by synthetic fluorapatite and a review of the
crystal chemistry of REE was given in Fleet and Pan
(1995b). For these synthetic single REE-substituted floura-
patite samples, the REE site occupancy ratio (REE-Ca2/
REE-Ca1) decreased monotonically for REE31 cations
through the 4f transition-metal series, from 4.04 for La-FAp
to an estimated value of 0.86 for Lu-FAp (Fig. 1). It was
also shown that substitution of REE for Ca leads to equal-
ization of Ca1 and Ca2 bond valences (a correlation ex-
plored earlier by Hughes et al. 1991), and that the REE site
occupancy ratio correlates directly with F bond valence.

An immediate concern of Fleet and Pan (1995a) was
that their single-REE site occupancy ratios might not be
quantitatively transferable to natural apatites, because
REE site occupancy ratios calculated for the four natural
apatites of Hughes et al. (1991) were systematically high-
er than the observed values (Table 1). The discrepancy
between observed and calculated REE site occupancy ra-

tios was not readily attributable to other compositional
variables because the compositions of the four natural
apatites of Hughes et al. (1991) encompassed the ranges
in total REE cations and Na/Si cation and F/OH anion
ratios investigated by Fleet and Pan (1995a). The likely
temperatures of formation (or recrystallization) of the nat-
ural apatites also encompassed the crystallization tem-
peratures of the synthetic fluorapatite samples. Thus, the
discrepancy between observed and calculated REE site
occupancy ratios pointed to complexity in the accom-
modation of REE in multiple-REE-substituted apatites.

EXPERIMENTAL PROCEDURES

Single crystals of binary-REE-substituted fluorapatite
were grown from volatile-rich melts using a standard
cold-seal hydrothermal reaction vessel, closely following
the procedures of Fleet and Pan (1995a) for La-FAp,
Gd-FAp, and Dy-FAp. Starting materials were prepared
from synthetic hydroxylapatite, REE2O3, CaF2, and amor-
phous SiO2, and contained the equivalent of about 10
mol% Ca4REE6(SiO4)6F2. Charges consisted of about
0.020 g of starting composition for each of a light REE
(LREE) and heavy REE (HREE), 0.040 g of NaF, and
0.01 cm3 of deionized water contained in a sealed gold
capsule about 4 cm in length. Thus the total molar REE
in the charges was the same as in Fleet and Pan (1995a)


