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Structural change in lead fluorapatite at high pressure
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Abstract The structure of lead fluorapatite [PbFAP;

Pb10(PO4)6F2], crystallized from the melt in a platinum

capsule at 1,000�C and 1 atm, has been investigated

by single-crystal X-ray diffraction. Crystal data are

a = 9.7638 (6), c = 7.2866 (4) Å, space group P63/m,

R = 0.043, Rw = 0.034. We have also studied the com-

pressional behaviour of the c-axis channel of PbFAP up to

9 GPa at 25�C, using a diamond-anvil cell, synchrotron

X-radiation, and Rietveld powder structure refinement.

Pressure–volume data for the channel polyhedron of

PbFAP fitted to the third-order Birch–Murnaghan equation

resulted in KT = 33.2 ± 1.2 GPa when KT
0 is fixed at 4.

The c-axis channel of PbFAP is about twice as compress-

ible as the unit-cell volume of PbFAP and the channel of

calcium apatites. This is attributed to the anomalous nar-

rowing of the channel of PbFAP with increase in confining

pressure. Flexibility of the apatite channel is a key factor in

the scavenging of toxic heavy metals by calcium apatites.
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Introduction

Apatite compounds have the structural formula

M12M23(BO4)3X, where M1 and M2 are large cations [Na?,

Ag?, Ca2?, Sr2?, Pb2?, and rare-earth elements (REE3?)],

B metalloids (P5?, C3?, S6?, Si4?, As5?, and V5?), and X

halides or oxy-anions [(OH)-, F-, Cl-, (CO3)2-, (HCO3)-,

O2-, H2O and other small neutral molecules, and vacancies]

(Pan and Fleet 2002; White and Dong 2003; White et al.

2005). The calcium phosphate apatites, particularly

hydroxyapatite (HAP) and fluorapatite (FAP), have impor-

tance in geochemistry, biology, agriculture, and materials

science (e.g. Ma et al. 1993; Miyake et al. 1986; Pan and

Fleet 2002; Elliott 2002; Fleet and Liu 2007a, b). They are

the ore minerals for phosphorus and agricultural phosphates,

and carbonated HAP is by far the most important biomineral,

accounting for up to about 65% of cortical bone and 97% of

dental enamel. Calcium apatites also readily accommodate

minor-to-major amounts of large cations and, therefore, are

candidate phases for the containment of high-level nuclear

waste and remediation of lead contamination in soils (Kim

et al. 2005). The crystal chemistry and properties of lead

apatites have been of interest since Suzuki et al. (1984)

reported the extensive cation exchange of Ca2? in HAP by

Pb2? cations in aqueous solution at low pH and room tem-

perature. Pyromorphite (lead chlorapatite) is associated with

the final step of the lead cycle in roadside ecosystems (Nriagu

1984), and more recently lead hydroxyapatite [PbHAP;

ideally Pb10(PO4)6(OH)2] has been identified as a corrosion

product of lead pipes in a municipal water supply (Peters

et al. 1999).

Powder X-ray diffraction studies have confirmed that

lead fluorapatite [PbFAP; ideally Pb10(PO4)6F2] adopts the

hexagonal P63/m type structure of apatite (Belokoneva et al.

1982; Suzuki et al. 1984; Miyake et al. 1986; Kim et al.

2000; Badraoui et al. 2006), although details remain

unclear. In this structure, isolated PO4 tetrahedra centred at

z = 1/4,3/4 are linked by Pb1 in ninefold (6 ? 3) coordi-

nation and Pb2 in an irregular sevenfold (6 ? 1) coordi-

nation (Fig. 1). A prominent feature is the large c-axis
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channel which accommodates the F anion in PbFAP, and a

variety of X anion components in other apatites. The apatite

channel of PbFAP is defined by triclusters of Pb2 cations at

z = 1/4,3/4. In FAP, the F anion is located on the c-axis at

z = 1/4,3/4 in the centre of a tricluster of Ca2 cations. The z

coordinate of the F anion in PbFAP was assumed to be 1/4

in the X-ray single-crystal study of Belokoneva et al.

(1982), and 1/2 in the neutron powder diffraction study of

Kim et al. (2000). However, Badraoui et al. (2006) found

that in (Pb,Sr)FAP fluorine is actually displaced along the c-

axis in between z = 1/4 and 1/2, occupying a split atom

position with occupancy of 0.5: a similar displacement

occurs for the OH oxygen in PbHAP (Bigi et al. 1989;

Badraoui et al. 2001). The trigonally distorted octahedron

formed by the Pb2 cations in the channel wall (Fig. 1), and

presently referred to as the ‘‘channel polyhedron’’, is a

convenient measure of one-half of the channel volume.

We have recently investigated the compressional

behaviour of lead fluorapatite up to about 16.7 GPa at

300 K, using a diamond-anvil cell and synchrotron X-ray

diffraction (Liu et al. 2008), observing that PbFAP is much

more compressible than FAP and HAP and approximately

elastically isotropic. In the present paper, we refine the

PbFAP structure using single-crystal X-ray diffraction at

room temperature and pressure, and investigate the com-

pressional behaviour of its c-axis channel.

Experimental procedures

Lead fluorapatite (PbFAP; experiment LM24) was syn-

thesized at 1 atm in a conventional muffle furnace. The

starting material was a stoichiometric mixture of lead

fluoride and lead orthophosphate encapsulated in a sealed

platinum tube. The experimental temperature was set ini-

tially at 1,100�C, i.e. 2� above the 1 atm solidus of lead

fluorapatite (Podsiadlo 1990), for 3 h then decreased with a

ramp of 1 �C/min to 1,000�C, and maintained at 1,000�C

for 10 h. The experiment was terminated by quenching the

capsule in cold water. We also synthesized PbFAP crystals

at 700 and 850�C at 1 atm, and 950�C and 0.14 GPa in a

hydrothermal apparatus, and 850�C and 1.0 GPa in a piston

cylinder apparatus. Crystal products were characterized by

optical microscopy, powder X-ray diffraction (Rigaku D/

MAX-B rotating anode system; Co Ka X-radiation), elec-

tron probe micro-analysis (EPMA; JEOL JXA-8600), and

Fourier transform infrared spectroscopy (FTIR; Nicolet

Nexus 670 FTIR spectrometer).

Single-crystal measurements were made at room tem-

perature and pressure with a Bruker-Nonius Kappa CCD

diffractometer and graphite-monochromatized Mo Ka X-

radiation (50 kV, 32 mA, k = 0.7107 Å). The COLLECT

software (Bruker-Nonius 1997) was used for unit-cell

refinement and data collection. The reflection data were

processed with SORTAV-COLLECT, using an empirical

procedure for absorption correction. Structure refinements

were made with LINEX77 (Coppens 1977). Scattering

factors for neutral atomic species and values of the

anomalous scattering factors f0 and f00 were taken, respec-

tively, from Tables 2.2A and 2.3.1 of the International

Tables for X-ray Crystallography (Ibers and Hamilton

1974). Relevant experimental details are given in Table 1,

final parameters in Table 2, and selected bond distances in

Table 3.

High-pressure angle dispersive X-ray diffraction exper-

iments were conducted using a symmetrical diamond-anvil

cell at beamline X17C, National Synchrotron Light Source,

Brookhaven National Laboratory. A T301 stainless steel

plate with an initial thickness of 250 lm was used as

gasket. The central area of the plate was pre-indented to a

thickness of about 40 lm, and a hole of 150 lm in diam-

eter was drilled through it. The pressure medium was a 4:1

methanol–ethanol mixture. A finely ground powder of lead

fluorapatite from experiment LM24 and two ruby spheres

were loaded with the pressure medium, one sphere near the

centre and the other close to the edge of the sample

chamber. The experimental pressure was determined by the

ruby fluorescence method (Mao et al. 1978). The incident

synchrotron radiation beam was monochromatized to a

wavelength of 0.4066 Å and collimated to a beam size at

the sample of *25 9 20 lm2. X-ray powder diffraction

patterns were collected at room temperature for 10–15 min

using an imaging plate, initially at room pressure and then

sequentially at intervals of increasing pressure up to

16.8 GPa. Finally, the pressure was reduced to 1.60 GPa

Fig. 1 Structure of lead fluorapatite (PbFAP) identifying polyhedron

formed by Pb2 cations in apatite channel wall: open Pb2 circles are at

height z = 1/4 and filled circles are at z = 3/4; triangles are PO4

tetrahedra centred at z = 1/4 (open) and z = 3/4 (shaded)
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(experiment A17; Table 3) to demonstrate reversibility of

the effects of compression. CeO2 was used to calibrate the

sample to detector distance as well as the orientation of the

detector. The two-dimensional ring patterns were inte-

grated off-line to give conventional one-dimension powder

pattern profiles using FIT2D (Hammersley 1996). Powder

structure refinements were made using GSAS (Larson and

Von Dreele 2000), and are reported in Table 4. The dif-

fraction patterns were limited to a maximum 2h of 14.0� by

the diamond-anvil cell. Starting parameters for the seven-

atom structure were taken from the present single-crystal

study (Table 2), but only the z coordinate of Pb1 and x and

y of Pb2 were varied in the least-squares refinements, along

with the unit-cell parameters, a five-parameter function for

the background, and three peak profile parameters.

Results and discussion

The crystal products were colourless and transparent, and

the FTIR spectra suggested that they were essentially

hydroxyl ion free. The EPMA for LM24 was slightly low

in Pb and F (Liu et al. 2008) but these discrepancies are

readily attributable to the difficulty in analysing light ele-

ments in a matrix dominated by lead. On the other hand,

the single-crystal X-ray structure refinement resulted in site

occupancies of 0.985 (5) for Pb1 and 0.993 for Pb2.

Therefore, the stoichiometric Pb10(PO4)6F2 composition

was assumed for both single-crystal and powder structure

refinements.

The bond distances for the room-pressure single-crystal

structure refinement of PbFAP are comparable to those for

the recent single-crystal study of lead oxyapatite (Kriv-

ovichev and Burns 2003), taking into account that the X

anion species (F- and O2-, respectively) are located at

quite different heights in the apatite channel (Table 3). The

P–O bond distances for PbFAP are similar to those of

calcium apatites, which are generally within the range

1.52–1.54 Å (Hughes et al. 1989; Fleet et al. 2004).

Interestingly, the Pb–O bond distances in PbFAP do not

show the systematic increase over the corresponding dis-

tances in FAP (Table 3) expected from the large differ-

ences in effective ionic radii of Pb2? and Ca2?. The

differences in bond distances between PbFAP and FAP

range from ?0.04 to ?0.27 Å for Pb1–O and ?0.01 to

?0.24 Å for Pb2–O, compared with theoretical differences

of ?0.17 Å for the ninefold coordination of Pb1 and

?0.19 Å for the sixfold coordination of Pb2 (Shannon

1976). However, the ?0.15 and ?0.17 Å differences for

the mean bond distances of Pb1–O and Pb2–O, respec-

tively, are in much better agreement with the effective

ionic radii.

The room-pressure results for PbHAP in Table 3 were

obtained by powder X-ray diffraction refinement assuming

a rigid PO4 tetrahedron (Brückner et al. 1995). Because the

lead atoms dominate the X-ray scattering, it is not possible

to obtain accurate values for the parameters of the light

atoms in lead apatites from powder data using conventional

source X-rays: e.g. the refined powder structure of a lead–

strontium fluorapatite solid solution of composition

(Pb9Sr1)10(PO4)6F2 (Badraoui et al. 2006) resulted in P–O

distances of 1.19–1.56 Å. The present structure refinements

made with synchrotron radiation powder diffraction data

collected in situ at high pressure failed to converge when

the light atoms (P, O, and F) were included. However, our

partial structure refinement procedure, using structural

parameters for the light atoms from the single-crystal

study, has located the heavy lead atoms and yielded direct

evidence of pressure-induced structural change in the

apatite channel. The powder patterns are accurately

Table 1 Experimental details for single-crystal X-ray structure

Experiment LM24

Crystal xt392

Crystal size (mm) 0.03 9 0.05 9 0.08

Crystal shape Prism

a (Å
´

) 9.7638 (6)

c (Å
´

) 7.2866 (4)

Space group P63/m

Formula weight 2679.7

Density (g/cm3) 7.397

Reflections, unique 495

(I \ 3r(I)) 162

R(I) 0.036

R(I),w 0.046

Refined parameters 26

l (cm-1) 702.1

R 0.043

Rw 0.034

s 1.01

g (9104) 0.42 (2)

Dq (eÅ
´ -3) (?) 3.3

(-) 2.2

Table 2 Positional and isotropic thermal parameters (Å
´ 2) from sin-

gle-crystal study Ueq = (1/3) RiRj Uij aiaj ai�aj

Site occupancy x y z U,Ueq

Pb1 1.0 2/3 1/3 0.0031 (2) 0.0204 (7)

Pb2 1.0 0.0040 (1) 0.2357 (1) 0.25 0.0253 (4)

P 1.0 0.3819 (7) 0.4063 (7) 0.25 0.015 (1)

O1 1.0 0.484 (2) 0.328 (1) 0.25 0.010 (3)

O2 1.0 0.487 (2) 0.586 (2) 0.25 0.020 (4)

O3 1.0 0.273 (1) 0.356 (1) 0.081 (1) 0.020 (3)

F 1.0 0 0 0.461 (4) 0.030 (9)
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reproduced because the scattering contributions associated

with the parameter shifts for the light atoms are relatively

small. Lead atoms account for about 75% of F000 (which is

1,120 electron units for ideal stoichiometry), and their

scattering contributions totally dominate the X-ray dif-

fraction powder pattern of PbFAP at high 2h (below

3.0 Å). Also, interference from overlapped powder lines

was minimal. There were about 45 reflections out to

1.665 Å, with ten pairs symmetry-equivalent in the higher

hexagonal Laue symmetry (6/mmm).

The present results for the effect of pressure on the unit-

cell parameters and volume of PbFAP agree closely with

the recent measurements of Liu et al. (2008) (Fig. 2;

Table 4). Although powder diffraction data were collected

up to 16.8 GPa, we also found that measurements beyond

9–10 GPa were not quantitative, due to solidification of the

methanol–ethanol pressure medium at *10 GPa. Never-

theless, the extended results in Liu et al. (2008) and this

study do confirm that apatite-structure PbFAP is stable up

to *17 GPa at 25�C. Also, the results for experiment A17

Table 4 Powder structure refinements at high pressure and 25�C

Expt. Pressure (GPa) a (Å
´

) c (Å
´

) V (Å
´ 3) Rp Pb1a Pb2

z x y

A2 2.44 9.643 (2) 7.188 (1) 578.9 (2) 0.014 0.994 (3) 0.000 (3) 0.231 (2)

A3 2.96 9.634 (2) 7.181 (2) 577.2 (3) 0.014 0.994 (4) 0.003 (4) 0.232 (2)

A4 4.00 9.592 (2) 7.150 (2) 569.7 (3) 0.014 0.993 (5) 0.999 (4) 0.227 (2)

A5 4.99 9.554 (2) 7.125 (2) 563.2 (4) 0.014 0.986 (3) 0.002 (5) 0.229 (2)

A6 5.89 9.522 (2) 7.102 (2) 557.7 (3) 0.016 0.990 (3) 0.002 (5) 0.228 (2)

A7 7.20 9.484 (2) 7.077 (2) 551.3 (3) 0.015 0.989 (3) 0.999 (4) 0.225 (2)

A8 7.99 9.462 (2) 7.061 (2) 547.4 (3) 0.015 0.986 (3) 0.998 (4) 0.223 (2)

A9 9.05 9.429 (2) 7.038 (2) 541.9 (3) 0.015 0.986 (3) 0.997 (4) 0.224 (2)

A17b 1.60 9.697 (2) 7.226 (1) 588.4 (2) 0.032 0.990 (2) 0.001 (3) 0.232 (1)

a Other structure parameters are given in Table 2
b Reversal experiment

Table 3 Bond distances (Å
´

)

and angles (�)

(I) 1 - x, 1 - y, -z; (II) 1 - y,

x - y, z; (III) 1 - x ? y, 1 - x,

z; (IV) 1 ? x, y, z; (V) 1 ? x -

y, x, -z; (VI) x, y, � - z
a Lead fluorapatite, single

crystal, this study
b Fluorapatite, single crystal

(Hughes et al. 1989)
c Lead oxyapatite, single

crystal Krivovichev and Burns

2003)
d Lead hydroxyapatite, powder,

rigid body PO4 refinement

(Brückner et al. 1995)

Bond/angle PbFAPa FAPb PbOAPc PbHAPd

a (Å
´

) 9.7638 (6) 9.398 (3) 9.8650 (3) 9.866 (3)

c (Å
´

) 7.2866 (4) 6.878 (2) 7.4306 (3) 7.426 (2)

Pb1–O1 93 2.51 (1) 2.40 2.56 2.67

Pb1–O2I 93 2.73 (1) 2.46 2.66 2.62

Pb1–O3I 93 2.85 (1) 2.81 2.94 3.01

Mean 2.70 2.55 2.72 2.77

Pb2–O1II 2.93 (1) 2.70 2.95 2.89

Pb2–O2III 2.38 (2) 2.37 2.44 2.54

Pb2–O3IV 92 2.59 (1) 2.35 2.60 2.59

Pb2–O3V 92 2.64 (1) 2.50 2.64 2.62

Mean 2.63 2.46 2.64 2.64

Pb2–F(O,OH)) 2.75 (2) 2.31 2.58 2.90

Pb2–F(O,OH) 3.11 (2) – –

P–O1 1.53 (2) 1.54 1.56 1.51

P–O2 1.53 (2) 1.54 1.57 1.51

P–O3 92 1.54 (1) 1.53 1.55 1.51

Mean 1.53 1.54 1.55 1.51

O1–P–O2 109.9 (8) 111.0 109.4 109.5

O1–P–O3 92 111.0 (5) 111.1 111.9 109.5

O2–P–O3 92 109.1 (6) 108.0 108.6 109.5

O3–P–O3VI 106.7 (8) 107.4 106.4 109.5
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(Table 4), which are plotted at 1.6 GPa in Figs. 2 and 3,

show that the elastic behaviour of PbFAP is completely

reversible after compression to 16.8 GPa.

The pressure–volume data at pressures below 10 GPa

were fitted to the third-order Birch–Murnaghan equation,

which yielded an isothermal bulk modulus (KT) of

57.2 ± 0.8 GPa and first pressure derivative (KT
0) of

8.7 ± 0.4. With KT
0 fixed at 4, the derived KT is

68.4 ± 0.3 GPa in good agreement with Liu et al. (2008).

A plot of normalized pressure versus Eulerian strain (F–f

plot; Angel 2000) yielded values of K0 = 58 ± 2 GPa and

K0
0 = 8 ± 2, and suggested that the third-order Birch–

Murnaghan equation was appropriate. The present value

for the isothermal bulk modulus of PbFAP is approxi-

mately two-thirds of the isothermal bulk moduli of FAP,

HAP, and chlorapatite (Sha et al. 1994; Brunet et al. 1999;

Comodi et al. 2001; Matsukage et al. 2004). Thus, PbFAP

is significantly more compressible than the calcium apatites

in the investigated pressure range. These differences in

elastic behaviour of PbFAP and the calcium apatites were

attributed in Liu et al. (2008) to the different ionic size and

bonding character of the large cations, Pb2? and Ca2?.

The literature studies on FAP have revealed a weak

compressional anisotropy (Sha et al. 1994; Brunet et al.

1999; Comodi et al. 2001; Matsukage et al. 2004), with the

unit-cell axial ratio a/c decreasing by about 0.7% from 0 to

7 GPa in Comodi et al. (2001) (Fig. 3b). Liu et al. (2008)

concluded that PbFAP is essentially isotropic because a/c

appeared to be invariant. Nevertheless, the present precise

measurements do suggest a very weak elastic anisotropy

(Fig. 3a), with a/c decreasing about 0.2% to 10 GPa. The

X-ray diffraction powder patterns for the room-pressure

sample in this study resulted in anomalously high unit-cell

parameters (No. 2 in Table 5). Therefore, room-pressure

unit-cell parameters for the powder sample of PbFAP were

obtained by regression of the separate high-pressure dis-

tributions for a, c, volume, and a/c (No. 1 in Table 5): note

that experiment A17 (Table 4; Fig. 3a) shows that the

compression of PbFAP is completely reversible. The unit-

cell volume at 1 bar derived by regression corresponds

quite well with that from the single-crystal study, 601.58

(6) Å3, which was the value used for V0 in the bulk

modulus calculation. The discrepancies in the values for

axial ratio (a/c) in Table 5 may be simply an artefact of

different determination procedures. However, the differ-

ence between the cell edges of the decompressed powder

and single crystal (1 and 4 in Table 5) must be regarded as

significant, and reveal a decrease in a and increase in c in

the single crystal (the uncompressed sample). Similar rel-

ative shifts in a and c are evident for the two uncompressed

powder samples (2 and 3 in Table 5). We speculate that

this trend reflects damage to the PbFAP crystals during

quenching from the high temperature of crystal synthesis,

with subsequent annealing of this damage at high pressure.

It is well known that irradiation of fragile crystals results in

increase in unit-cell parameters. Volume increases up to

0.8% have been documented for protein crystals (Ravelli

et al. 2002), and attributed to change induced by thermal

expansion during irradiation followed by cooling to

ambient conditions.

The progressive reduction in volume of the channel

polyhedron with increase in pressure (Fig. 2) represents

the combined effects of decrease in volume of the unit

cell and shifts in the positional coordinates x and y of

Pb2. The effect of the latter has to be very significant

because the channel polyhedron is much more com-

pressible than the unit cell (Fig. 2). Moreover, Pb2 is

located on the symmetry plane so that the height of the

channel polyhedron is fixed, and equal to c/2. Therefore,

the structural component of the volume compression

must be related exclusively to progressive shift of the

Pb2 cations towards the c-axis; i.e. towards the centre of

the apatite channel. The progressive narrowing of the

apatite channel, and consequent change in shape of the

channel polyhedron, is reflected in progressive increase

in the distortion parameter mean quadratic elongation

(k). Noting that the channel polyhedron is a stretched

trigonally distorted octahedron, k is given by:

k ¼ �1
6

X6

i¼1

ð‘i=‘0Þ2;

where ‘0 is the bond length for the ideal, undistorted

octahedron equal in volume to the octahedron in question

Fig. 2 Reduced volume (V/V0) plot showing compression of the unit

cell and channel polyhedron of PbFAP: note that the apatite channel is

twice as compressible as the overall structure; departure from smooth

trends beyond 9 GPa reflects loss of hydrostatic condition; regression
line is result of Liu et al. (2008); error in pressure estimates is within

symbol size
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(Robinson et al. 1971). As shown in Fig. 4, k for the

channel polyhedron increases linearly with increase in

confining pressure, within error of determination. Minor

departures from isotropic compression (Fig. 3a) and lack of

the precise values for the z coordinate of the F anion both

contribute to uncertainty in the values of k but are not

significant in influencing the overall trends.

A more direct demonstration of the influence of the shifts

in x and y coordinates on reduction in the volume of the

channel polyhedron and narrowing of the apatite channel is

afforded by the decrease in the normal distance of Pb2 to the

c-axis at constant unit-cell volume (RX; Fig. 4). The channel

polyhedron is terminated by the two equilateral triangular

faces formed by the trigonal clusters of Pb2 cations (Fig. 1).

Therefore, RX is a measure of the change in width of the

apatite channel. Figure 4 shows that the normalized values

of RX decrease linearly with increase in confining pressure.

Since a and c have been held constant, the only variable

parameters constricting the width of the apatite channel are

the atomic coordinates x and y of Pb2.

The compressibility data for the channel polyhedron

of PbFAP correspond to a bulk modulus of KT =

33.2 ± 1.2 GPa when KT
0 is fixed at 4. Thus, the channel

polyhedron of PbFAP is almost two times weaker than the

bulk sample and three times weaker than FAP. The com-

pressibilities of PbFAP and FAP are compared in Fig. 5.

Comodi et al. (2001) obtained in situ single-crystal struc-

tures at 0.0001, 3.04, and 4.72 GPa, from which they

extracted data for the compressibility of the polyhedral

volumes of the P, Ca1, and Ca2 positions: the derived

polyhedral bulk moduli were 270, 100, and 86 GPa for P,

Ca1, and Ca2, respectively. We presently calculate the

compressibility of the channel polyhedron of FAP to be

intermediate between that of the Ca1 and Ca2 polyhedra

(Fig. 5). Our value for the reduced polyhedral volume is in

agreement with that obtained by Comodi et al. (2001), who

used the volume of the trigonal prism formed by unit

translation of the tricluster of Ca2 cations along [001]. The

c-axis channel of PbFAP is twice as compressible as that of

FAP (and, presumably, of other calcium apatites as well).

The comparison between PbFAP and FAP is even more

striking when compressibility differences with the corre-

sponding unit-cell volumes are compared: e.g. at 4.7 GPa,

the channel polyhedron is 82% more compressible than the

unit-cell volume for PbFAP but only 23% more com-

pressible for FAP (Fig. 5). This is no doubt attributable to

(a) (b)
Fig. 3 Variation of unit-cell

axial ratio (a/c) with pressure

revealing a very weak elastic

anisotropy in PbFAP compared

with FAP (Comodi et al. 2001):

room-pressure value for powder

sample (filled circle) represents

extrapolation of high-pressure

data; error in pressure estimates

is within symbol size

Table 5 Comparison of 1 bar unit-cell parameters

Sample a (Å
´

) c (Å
´

) Volume (Å
´ 3) a/c Da (%) Dc (%)

Powder samples

(1)a 9.767 (5) 7.276 (2) 601.1 (4) 1.3425 (1) – –

(2)b 9.787 (1) 7.309 (1) 606.3 (2) 1.3390 ?0.020 ?0.033

(3)c 9.757 (3) 7.283 (4) 600.4 (3) 1.3397 -0.010 ?0.007

Single crystal

(4)d 9.7638 (6) 7.2866 (4) 601.58 (6) 1.3400 -0.003 ?0.011

a Compressed, by extrapolation of a, c, V, and a/c
b Untreated, this study
c Untreated, Liu et al. (2008)
d Crystal xt392, Table 1
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the much greater polarizability of Pb2? (38.3 Å3 compared

with 5.2 Å3 for Ca2?) (Pohl 1978).

Although the channel polyhedron accounts for only

about 10% of the unit-cell volume of apatites (there are two

polyhedra per unit cell), the apatite channel is of funda-

mental importance to the integrity and chemical interaction

of the apatite structure. However, notwithstanding the

marked differences in compressibility, there are no known

differences in the persistence of FAP and PbFAP under

very high pressure conditions at room temperature. FAP

apatites did not show evidence of pressure-induced amor-

phization up to 25 GPa by spectroscopic studies (Williams

and Knittle 1996) and 18.3 GPa by diffraction studies

(Brunet et al. 1999). In the present study on PbFAP, peak

broadening was noticeable at 11.3 GPa and increased

progressively to the maximum pressure investigated

(16.8 GPa), but this effect was completely reversible on

reduction of the pressure. However, there may be signifi-

cant differences in the pressure stability of apatites at high

temperature: e.g. reaction of the PbFAP product from

experiment LM24 at 10 GPa and 1,200�C resulted in a new

phase with a derivative barium phosphate [Ba3(PO4)2]

structure (work in progress). This phase transformation is

likely driven by loss of the channel volatile content at high

temperature, rather than collapse of the apatite channel at

high pressure.

Phosphate apatites are ideal candidate phases for con-

tainment of radioactive waste and remediation of toxic

waste contamination. They have a low solubility under

surface conditions and are stable to high temperature and

pressure, and yet are sufficiently reactive to anneal radia-

tion damage under moderate-temperature hydrothermal

conditions. Moreover, the apatite structure accommodates

minor-to-major amounts of foreign cations and anions

through solid solution at high temperature and exchange at

low temperature. Different sized M1 and M2 cations and

channel anions are readily accommodated by rotation and

translation of the PO4 tetrahedra (Fig. 1). The adaptability

of the apatite structure is well illustrated by the differential

expansion of the M–O bond distances when Pb substitutes

for Ca (Table 3). Also, in near-end-member carbonate

apatite the carbonate ions are ordered along the apatite

channel at z & 0.5, with a possible location at z & 0.0,1.0

unoccupied (Fleet and Liu 2003). The phosphate groups are

displaced slightly from ideal HAP positions to dilate the

apatite channel in the immediate vicinity of the bulky

carbonate ion, and constrict it above and below. Although

the channel constituents of hexagonal apatites with mixed

X anion occupancy are disordered within the overall

structure, individual channel species are probably locally

ordered in c-axis domains (Elliott 2002). Furthermore,

cations and anions introduced by complex, charge-bal-

anced substitutions may be present as coupled defect

clusters within a calcium apatite matrix, as in Na-bearing

carbonate apatites (Fleet and Liu 2007b). Even though

PbFAP is elastically much softer than calcium apatites, and

Pb–O bonds have more covalent character than Ca–O

bonds, and Pb2? and Ca2? are quite different in size,

divalent lead can be scavenged from acidic aqueous

Fig. 5 Reduced unit-cell and channel polyhedral volumes for PbFAP

(thick line and filled circles with error bars, respectively) compared

with results for FAP from Comodi et al. (2001), who also obtained

polyhedral volumes for Ca1 (open squares) and Ca2 (open circles):

note that not only is PbFAP much softer than FAP, but the relative

compression of its c-axis channel is disproportionately greater

Fig. 4 Progressive linear increase in the normalized distortion

parameter mean quadratic elongation (k) for the channel polyhedron

and decrease in channel width (proportional to RX), both associated

with the shift of Pb2 cations towards the c-axis. Functions plotted are

(k/k0) and (1 - ((1 - (RX/RX,0))/5)), where RX is calculated at

constant unit-cell volume; room-pressure single-crystal structure used

as reference; error in pressure estimates is within symbol size

Phys Chem Minerals (2010) 37:1–9 7
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solutions by nanoscale particles of calcium apatites. The

flexible apatite channel has an important role here in pro-

viding structural pathways for exchange of the M1 and M2

cations.
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