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Abstract Lead bromapatite [Pb10(PO4)6Br2] has been

synthesized via solid-state reaction at pressures up to

1.0 GPa, and its structure determined by single-crystal

X-ray diffraction at ambient temperature and pressure. The

large bromide anion is accommodated in the c-axis channel

by lateral displacements of structural elements, particularly

of Pb2 cations and PO4 tetrahedra. The compressibility of

bromapatite was also investigated up to about 20.7 GPa at

ambient temperature, using a diamond-anvil cell and syn-

chrotron X-ray radiation. The compressibility of lead

bromapatite is significantly different from that of lead flu-

orapatite. The pressure–volume data of lead bromapatite

(P \ 10 GPa) fitted to the third-order Birch-Murnaghan

equation yield an isothermal bulk modulus (KT) of 49.8(16)

GPa and first pressure derivative (K 0T ) of 10.1(10). If K 0T is

fixed at 4, the derived KT is 60.8(11) GPa. The relative

difference of the bulk moduli of these two lead apatites is

thus about 12%, which is about two times the relative dif-

ference of the bulk moduli (*5%) of the calcium apatites

fluorapatite [Ca10(PO4)6F2], chlorapatite [Ca10(PO4)6Cl2]

and hydroxylapatite [Ca10(PO4)6(OH)2]. Another interest-

ing feature apparently related to the replacement of F by Br

in lead apatite is the switch in the principle axes of the strain

ellipsoid: the c-axis is less compressible than the a-axis in

lead bromapatite but more compressible in lead fluorapatite.

Keywords Lead bromapatite � Solid-state synthesis �
Crystal structure � Compressibility � Synchrotron powder

X-ray diffraction � Environment

Introduction

Apatite compounds have the structural formula

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

[primarily Na?, Ag?, Ca2?, Sr2?, Ba2?, Cd2?, Pb2?, and

rare-earth elements (REE3?)], B metalloids (P5?, C3?, S6?,

Si4?, As5?, and V5?), and X halides or oxy-anions [(OH)-,

F-, Cl-, Br-, I-, (CO3)2-, (HCO3)-, O2-, H2O and other

small neutral molecules, and vacancies] (Kim et al. 2000;

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

2005; Fleet and Liu 2007a). The mineralogy and geo-

chemistry of the calcium apatites (mainly hydroxylapatite,

fluorapatite and francolite, and chlorapatite) have been

extensively investigated because of their importance in

various types of rocks, biomineralization and the environ-

ment, and agriculture (e.g. Ma et al. 1993; Hughes and

Rakovan 2002; Fleet and Liu 2007a, b, 2008a, b; Fleet

2009; Filiberto and Treiman 2009). Lead apatites have

also gained much attention recently since Suzuki et al.

(1984) reported the extensive cation exchange of Ca2? in

hydroxylapatite by Pb2? cations in aqueous solution at low

pH and room temperature; this means that hydroxylapatite

can be used to effectively remediate the lead contamina-

tion of soil (Ma et al. 1993). In addition, pyromorphite
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(lead chlorapatite) is associated with the final step of the

lead cycle in roadside ecosystems (Nriagu 1984), and more

recently lead hydroxylapatite has been identified as a cor-

rosion product of lead pipes in a municipal water supply

(Peters et al. 1999).

Although calcium bromapatite can be found in some

astral bodies such as meteorites (Lodders and Fegley 1998),

it does not occur naturally on Earth. In fact, the Br content in

terrestrial apatites is generally less than 100 ppm (Walters

and Luth 1969; O’Reilly and Griffin 2000; Pan and Dong

2003), so that the geological role of calcium bromapatite is

not important, and all previous investigations have been

focused on its crystal chemistry, thermodynamic properties,

and electronic structure and bonding (Dykes 1974; Condrate

et al. 1975; Elliott et al. 1981; Kim et al. 2000; Rulis et al.

2004; Boujrhal et al. 2004; Cruz et al. 2005a, b). Lead

bromapatite has not been reported as a mineral, and scien-

tific interest has been limited to crystal chemical and envi-

ronmental aspects (Bhatnaga 1971; Nriagu 1973; Kim et al.

2000; Kaluderovic et al. 2001). In the present paper, we

investigate the synthesis, P–T stability field, crystal struc-

ture and compressional behaviour of lead bromapatite.

Experimental details

Lead bromapatite was synthesized via solid-state reaction

variously in a conventional muffle furnace at one atm, a

standard cold-seal hydrothermal reaction vessel at 2.1 kbar,

and a piston-cylinder apparatus at 10 kbar (Depths of the

Earth Company Quickpress). The starting material was a

mechanical stoichiometric mixture of reagent-grade lead

bromide (PbBr2) and lead orthophosphate [Pb3(PO4)2],

which was homogenized and encapsulated in a sealed

noble metal tube (Pt or Au): see Liu and Fleet (2009) for

the high-P experimental techniques.

The products from the synthesis experiments were

examined by optical microscopy, powder X-ray diffraction

(Rigaku D/MAX-B system; Co Ka X-radiation; Department

of Earth Sciences, University of Western Ontario), Fourier

transform infrared spectroscopy (FTIR; Nicolet Nexus 670

FTIR spectrometer; Department of Earth Sciences, Univer-

sity of Western Ontario), and electron probe micro-analysis

(EPMA; JEOL JXA-8100; School of Earth and Space Sci-

ences, Peking University (PKU)). In addition, one prismatic

crystal from the product LM183 (Table 1) was characterized

by single-crystal X-ray structure study (Bruker-Nonius

Kappa CCD diffractometer and graphite-monochromatized

Mo Ka X-radiation; 50 kV, 32 mA, k = 0.7107 Å;

Department of Chemistry, University of Western Ontario).

Single crystal X-ray diffraction measurements were

made at room temperature and pressure. 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 refinement

was made with LINEX77 (Coppens 1977). Scattering fac-

tors for neutral atomic species and values of the anomalous

scattering factors f0 and f00 were taken, respectively, from

Tables 2.2A and 2.3.1 of the International Tables for X-ray

Crystallography (Ibers and Hamilton 1974).

Compression experiments were conducted using a

symmetrical diamond-anvil cell and angle dispersive X-ray

diffraction technique up to about 20.7 GPa at the beamline

X17C, National Synchrotron Light Source, Brookhaven

National Laboratory. In general the experimental tech-

niques used here were very similar to those reported by Liu

et al. (2008). T301 stainless steel plates with an initial

thickness of 250 lm were used as gaskets. The central area

of the plates was pre-indented to a thickness of about

30 lm, and a hole of 150 lm in diameter was subsequently

eroded electrically. The lead bromapatite powder (LM180;

Table 1), along with two small ruby balls, was loaded with

the pressure medium (a 4:1 methanol–ethanol mixture

which was expected to solidify at about 10 GPa at 300 K)

into the hole in the gasket. With the ruby fluorescence

method (Mao et al. 1978), the experimental pressure was

measured before and after each X-ray analysis. The inci-

dent synchrotron radiation beam was monochromatized to

a wavelength of 0.4066 Å, and the beam size was colli-

mated to a diameter of *25 9 20 lm2. The X-ray dif-

fraction pattern of the sample at each pressure interval was

collected with an exposure time of 10 min using an online

CCD detector, and later integrated as a function of 2h to

give the conventional one-dimensional X-ray profile using

the Fit2D program (Hammersley 1996). The unit-cell

Table 1 Synthesis experiments and observations

Run # Apparatus P (kbar) T (oC) Time

(h)

Phase observed

LM180 MF 0.001 500 22 Apatite

LM181 MF 0.001 800 22 Apatite, unknown

phasea

LM183b MF 0.001 900/

750

20/87 Apatite, unknown

phasea

LM185 MF 0.001 1,000 20 Apatite, melt

LM184 HR 2.1 800 72 Apatite, unknown

phasea

LM190 PC 10 1,000 8 Apatite

MF muffle furnace, HR hydrothermal reaction line, PC piston-cyl-

inder apparatus
a The unknown phase is potentially a monoclinic lead orthophosphate

as suggested by the powder X-ray diffraction data and the EPMA

analyses
b Experimental temperature was 900�C for 20 h, decreased to 750�C

by 0.05�C/min, and then 750�C for 87 h
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parameters of lead bromapatite were then calculated by

refining the unit cell using the positions of the strongest

diffraction peaks, such as 110, 200, 111, 102, 210, 211,

112, 300, 113, 222, 312, 123, 321, 410, 402, and 004.

Results and discussion

Experimental details of the synthesis experiments are

summarized in Table 1. A selection of electron back-

scatter images and powder X-ray diffraction patterns of the

products are presented in Fig. 1 and SI-Fig. 1 (see Sup-

plementary Information), respectively. Details and results

of the single-crystal X-ray diffraction investigation are

given in Fig. 2 and Tables 2, 3, 4 and 5 and SI-Table 1 (see

Supplementary Information). Typical powder X-ray dif-

fraction patterns collected in situ in the compression

experiments are shown in Fig. 3, and the unit-cell param-

eters of lead bromapatite derived from the synchrotron

X-ray radiation data are summarized in Table 6.

Composition and phase relations

Six synthesis experiments were conducted under various

P–T conditions (Table 1), and all yielded lead bromapatite.

The products from LM180 and LM190 were nearly pure

lead bromapatite while those from other experiments con-

sisted of lead bromapatite with subordinate amounts of a

second phase (the mid-gray phase in the BSI images in

Fig. 1a, b), which was tentatively identified as metal-defi-

cient monoclinic lead orthophosphate, based on powder

X-ray diffraction (see SI-Fig. 1 in the Supplementary

Information) and EPMA. The proportion of this second phase

increased with increase in temperature and was greatest

for experiments at high temperature and room pressure

(experiment LM185; Table 1, SI-Fig. 1). Therefore, we

attribute the presence of this phase to leakage of PbBr2 from

the sample capsules. The EPMA analyses indicated that the

synthetic lead bromapatite was essentially stoichiometric but

the lead orthophosphate was non-stoichiometric, and pre-

sumably partially oxidized. For LM183, the experiment used

for the single-crystal X-ray structure, the PKU EPMA data

suggested a formulae of Pb9.9(PO4)6Br2.1 for lead bromap-

atite and Pb2.5(PO4)2 for the lead orthophosphate. The result

for the lead bromapatite is supported by site occupancy

refinements from the single-crystal study, which gave

occupancies of 0.97, 1.03 and 0.97 for Pb1, Pb2 and Br sites,

respectively. Furthermore, the single-crystal unit-cell

parameters of a = 10.0622(1) and c = 7.3575(3) Å are

closely comparable to those of LM180 (a = 10.063(1) and

c = 7.367(1) Å), the material that was used for the com-

pression studies at ambient temperature. In summary, lead

bromapatite appeared to be stable over the range of

P–T conditions covered by the synthesis experiments. With

the actual melting reaction unknown, the melting point of

lead bromapatite at ambient pressure seems to be close to

900�C, as bracketed by the experiments LM181 and LM185

(Table 1), which is much lower than the melting point of lead

fluorapatite (about 1,098�C; Podsiadlo 1990).

Crystal structure of lead bromapatite at room

temperature and pressure

The stoichiometric composition Pb10(PO4)6Br2 was

assumed for the single-crystal structure analysis of lead

Fig. 1 Electron back-scatter images showing the textures of synthe-

sized materials in a LM183, b LM184 and c LM185. Lead

bromapatite (Ap bright) coexists with minor lead orthophosphate

(LO mid gray) in a and b and quenched melts (M) showing dendritic

texture in c. Scale bars are 20 lm
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bromapatite at room temperature and pressure. The results

for refinement of the apatite type structure are summarized

in Tables 2 (experimental details) and 3 (positional and

thermal/displacement parameters) and Fig. 2. In the apatite

structure, isolated PO4 tetrahedra centered at z = 1/4,3/4 are

linked by Pb1 in ninefold (6 ? 3) coordination and Pb2 in an

irregular sevenfold (6 ? 1) coordination. A prominent fea-

ture is the large c-axis channel which is defined by triclusters

of M2 cations at z = 1/4,3/4 (Fig. 2) and accommodates a

variety of X anion components. The local coordination of the

channel anion varies considerably with size and complexity

of the anion (Hughes et al. 1989; Fleet and Liu 2007b) and

size of the M2 cations (e.g. Fleet et al. 2010). In calcium

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

4 in the center of a tricluster of Ca2 cations. However, in

apatites with large divalent M2 cations the channel anion is

displaced along the c-axis towards z = 1/2, occupying a

split atom position with occupancy of 0.5 (Bigi et al. 1989;

Kim et al. 2000; Badraoui et al. 2001, 2006); e.g. in stron-

tium-lead fluorapatite solid solutions, the z coordinate of

fluorine increases progressively with increasing content of

lead from near 0.25 in strontium fluorapatite to near 0.5 in

lead fluorapatite (Badraoui et al. 2006). Following this trend,

the bromine anion is displaced to z = 0.487 in the channel of

lead bromapatite (Table 3) and the fluorine anion to

z = 0.461 in the channel of lead fluorapatite (Fleet et al.

2010). The channel bromide/fluoride anion in these two

structures has six nearest-neighbor Pb2 cations in the

channel wall, in the approximate configuration of a trigo-

nally-distorted octahedron (Fig. 2). Note that the displace-

ment of the X anion away from z = 1/4 is greater for the

bromapatite due to the larger size of the Br- anion.

Table 4 summarizes results for refinements of the

structures of lead bromapatite and lead fluorapatite (Fleet

et al. 2010) with the X anion located in the three axial

positions permitted by space group P63/m. In each case, the

split atom position (equipoint 4e; refinements 1 and 4)

results in the most acceptable structure, based on reduction

of residual indices (R, Rw) and goodness-of fit closest to

unity, as well as most reasonable isotropic displacement

parameter. Refinement of lead fluorapatite with z = 1/4

Fig. 2 Structure of lead bromapatite identifying channel polyhedron

(broken lines) formed by Pb2 cations in apatite channel wall: open
Pb2 circles are at height z = 1/4 and closed circles are at z = 3/4;

triangles are PO4 tetrahedra centered at z = 1/4 (open) and z = 3/4

(shaded); numbers (1, 2, 3) identify oxygen atoms forming corners of

tetrahedra

Table 2 Experimental details for single-crystal X-ray structure

Experiment LM183

Crystal xt403

Crystal size (mm) 0.06 9 0.06 9 0.08

Crystal shape Prism

a (Å) 10.0622(5)a

c (Å) 7.3575(3)

Space group P63/m

Formula weight 2801.54

Density (g/cm3) 7.211

Reflections—unique 683

(I \ 3r(I)) 253

R(I) 0.068

R(I),w 0.045

Refined parameters 40

l (cm-1) 685.5

R 0.042

Rw 0.040

s 1.37

g (9 104) 0.26(1)

Dq (eÅ-3)

(?) 2.6

(-) 3.2

a Number in parentheses represents one standard deviation in the

rightmost digit

Table 3 Positional and isotropic thermal parameters (Å2) from single

crystal study Ueq = (1/3)
P

i

P
j Uij aiaj ai.aj

Site occupancy x y z U (Ueq)

Pb1 1.0 2/3 1/3 0.0055(1)a 0.0184(5)

Pb2 1.0 0.00452(8) 0.26188(8) 0.25 0.0192(3)

P 1.0 0.3771(6) 0.4113(5) 0.25 0.007(1)

O1 1.0 0.483(1) 0.347(1) 0.25 0.014(3)

O2 1.0 0.472(1) 0.590(1) 0.25 0.013(3)

O3 1.0 0.270(1) 0.361(1) 0.084(1) 0.024(3)

Br 0.5 0 0 0.487(2) 0.019(1)

a Number in parentheses represents one standard deviation in the

rightmost digit
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Table 4 Refinement of channel (X) anion in space group P63/m

Refinement Equipoint Site occupancy X position U (Å2) R Rw s

x y z

Lead bromapatite

1 4e 0.5 0 0 0.487(2) 0.019(1) 0.042 0.040 1.37

2 2b 1.0 0 0 1/2 0.0224(9) 0.043 0.041 1.39

3 2a 1.0 0 0 1/4 0.073(9) 0.148 0.205 6.90

Lead fluorapatitea

4 4e 0.5 0 0 0.461(4) 0.030(9) 0.043 0.034 1.01

5 2b 1.0 0 0 1/2 0.063(8) 0.043 0.035 1.03

6 2a 1.0 0 0 1/4 0.025b 0.057 0.064 1.87

Only results for X anion position are shown for each refinement. U is isotropic displacement, R, Rw and s are residual index, weighted residual

index and goodness-of-fit, respectively
a Results for refinement of lead fluorapatite with split atom position (equipoint 4e) are from Fleet et al. (2010). Value of 1.0 for occupancy of

fluorine in Table 2 of Fleet et al. (2010) is a typographical error
b Not refined

Table 5 Bond distances (Å) and angles (o)

Bond/Angle PbBrAPa PbFAPb FAPc PbOAPd PbHAPe

a (Å) 10.0622(5)f 9.7638(6) 9.398(3) 9.8650(3) 9.866(3)

c (Å) 7.3575(3) 7.2866(4) 6.878(2) 7.4306(3) 7.426(2)

Pb1–O1 9 3 2.631(9) 2.51 2.40 2.56 2.67

Pb1–O2I 9 3 2.675(9) 2.73 2.46 2.66 2.62

Pb1–O3I 9 3 2.89(1) 2.85 2.81 2.94 3.01

Mean 2.73 2.70 2.55 2.72 2.77

Pb2–O1II 3.10(1) 2.93 2.70 2.95 2.89

Pb2–O2III 2.33(1) 2.38 2.37 2.44 2.54

Pb2–O3IV 9 2 2.64(1) 2.59 2.35 2.60 2.59

Pb2–O3 V 9 2 2.66(1) 2.64 2.50 2.64 2.62

Mean 2.67 2.63 2.46 2.64 2.64

Pb2–Brg 3.139(7) 2.75 2.31 2.58 2.90

Pb2–Br 3.253(8) 3.11 – – –

P–O1 1.50(1) 1.53 1.54 1.56 1.51

P–O2 1.54(1) 1.53 1.54 1.57 1.51

P–O3 9 2 1.56(1) 1.54 1.53 1.55 1.51

Mean 1.53 1.53 1.54 1.55 1.51

O1–P–O2 109.9(7) 109.9 111.0 109.4 109.5

O1–P–O3 9 2 112.9(5) 111.0 111.1 111.9 109.5

O2–P–O3 9 2 107.9(5) 109.1 108.0 108.6 109.5

O3–P–O3VI 105.0(8) 106.7 107.4 106.4 109.5

a Lead bromapatite, single crystal (this study)
b Lead fluorapatite, single crystal (Fleet et al. 2010)
c Fluorapatite, single crystal (Hughes et al. 1989)
d Lead oxyapatite, single crystal (Krivovichev and Burns 2003)
e Lead hydroxyapatite, powder, rigid body PO4 refinement (Brückner et al. 1995)
f Number in parentheses represents one standard deviation in the rightmost digit
g Pb2-Br(F,O,OH)

(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
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(refinement 6) did not converge with U set as a variable

parameter, and the corresponding refinement of lead

bromapatite (refinement 3) resulted in unacceptably high

values for U, R, Rw, and s. Using the weighted residual

index (Rw) and the theory of Hamilton (1965), the

improvement in the 4e refinement over that of equipoint

2b (refinements 2 and 5) is significant beyond the 99%

level for both lead bromapatite and lead fluorapatite. Our

conclusion that the X anions are located in equipoint

4e and, therefore, disordered in the apatite channel, in both

structures, is further supported by their behavior during

refinement. We emphasize that the z coordinate and iso-

tropic displacement parameters for refinements 1 and 4 in

Table 4 were obtained by unconstrained refinement. When

these refinements are started with the X anions at z = 1/2,

the respective z coordinates return to their minimized

values of 0.487(2) for lead bromapatite and 0.461(4) for

lead fluorapatite. This exercise strongly suggests that the

single-crystal X-ray reflection intensities represent pairs of

closely spaced X anions of half occupancy in the apatite

channel, and not one atom of unit occupancy in the special

position 2b at 0, 0, 1/2.

A selection of bond distances and angles for lead brom-

apatite is given in Table 5, along with comparison data for

lead fluorapatite (Fleet et al. 2010), fluorapatite (Hughes

et al. 1989), lead oxyapatite (Krivovichev and Burns 2003),

and lead hydroxylapatite (Brückner et al. 1995). Whereas the

overall structure of lead fluorapatite was similar to that of

fluorapatite except for accommodation of the channel anion

(Fleet et al. 2010), there are significant differences between

the structures of lead bromapatite and lead fluorapatite.

These differences are related to accommodation of the large

channel anion in lead bromapatite: the effective ionic radii

for sixfold coordination are 1.96 Å for Br and 1.33 Å for F

(Shannon 1976). The bromide anion of lead bromapatite is

displaced only marginally closer to z = 1/2 than the fluoride

anion of lead fluorapatite (z = 0.487, 0.461, respectively)

and has the same trigonally-distorted octahedral coordina-

tion. However, the Pb2 cation and PO4 tetrahedron are

shifted laterally, away from the c-axis; in particular, the

y coordinate of Pb2 is 0.2357 for lead fluorapatite but 0.2619

for lead bromapatite, and the Pb2–O1 and short Pb2–Br

bonds are increased correspondingly to 3.10 and 3.139 Å,

respectively. Note that the Rietveld study of Kim et al.

(2000) using combined synchrotron X-ray and neutron

powder diffraction data did not yield information on either

the oxygen atom positions (O1, O2, and O3) or the precise

position of the Br-anion in the channel and, therefore,

overlooked important crystal chemical features in the

structure of lead bromapatite.

Compressibility of lead bromapatite

At room temperature, lead bromapatite was found to be

stable up to at least 20.7 GPa (Fig. 3). The X-ray diffrac-

tion patterns at 18.7 and 20.7 GPa show apparent
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Fig. 3 Examples of X-ray diffraction patterns of lead bromapatite at

0.82, 6.9, 18.7 and 7.5 GPa. The X-ray diffraction patterns at 0.82, 6.9

and 18.7 GPa were collected during compression while the one at 7.5

GPa was collected during decompression. Note the peak-broadening

at 18.7 GPa

Table 6 Unit-cell parameters of lead bromapatite at different

pressures

P (GPa) a (Å) c (Å) V (Å3) a/c

0.0001 10.063(1)a 7.367(1) 646.1(1) 1.3660(2)

0.82(2) 10.013(1) 7.320(1) 635.6(1) 1.3679(2)

1.48(3) 9.969(1) 7.301(1) 628.4(1) 1.3654(2)

3.82(8) 9.863(1) 7.246(1) 610.4(1) 1.3612(2)

4.68(0) 9.822(1) 7.226(1) 603.7(1) 1.3593(2)

5.8(1) 9.776(2) 7.203(2) 596.2(2) 1.3572(5)

6.9(2) 9.742(1) 7.189(1) 590.9(1) 1.3551(2)

7.9(2) 9.704(1) 7.170(1) 584.8(2) 1.3534(2)

8.9(1) 9.672(2) 7.154(2) 579.6(2) 1.3520(5)

10.6(2) 9.619(1) 7.136(1) 571.8(2) 1.3480(2)

12.4(1) 9.587(1) 7.121(1) 566.9(2) 1.3463(2)

14.6(2) 9.542(3) 7.107(3) 560.4(4) 1.3426(7)

16.3(1) 9.495(3) 7.084(3) 553.1(4) 1.3403(7)

18.7(1) 9.413(3) 7.081(4) 543.4(4) 1.3293(9)

20.7(2) 9.332(7) 7.073(4) 533.5(6) 1.319(1)

7.5(2)b 9.721(1) 7.182(1) 587.7(1) 1.3535(2)

2.87(2)b 9.908(1) 7.265(1) 617.6(1) 1.3638(2)

a Number in parentheses represents one standard deviation in the

rightmost digit
b Data collected during decompression
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peak-broadening (see SI-Fig. 2 in Supplementary Infor-

mation), which might imply the onset of the instability of

lead bromapatite; alternatively, the peak-broadening might

merely indicate the build-up of stress in the diamond-anvil

cell. The pressure medium solidifies at *10 GPa, so that

maintaining a completely hydrostatic condition at higher

pressure becomes impractical. Even so, the observed dif-

fraction reflections at 18.7 and 20.7 GPa refine to give a

typical lead bromapatite unit-cell (Table 6). As pressure

increases from the ambient pressure, all diffraction peaks

shift to larger 2h angles (Fig. 3), indicating the shrinking of

the unit cell of lead bromapatite (Table 6). Consequently,

some peak-overlap inevitably occurs at high pressure: for

instance, peaks 211 and 112 are difficult to separate at

pressures above 10 GPa. In addition, the X-ray patterns

collected at 7.5 and 2.87 GPa during decompression show

that the elastic behaviour of lead bromapatite is fully

reversible after compression to 20.7 GPa (Figs. 3, 4, 5, 6).

The room-pressure unit-cell parameters and volume of

the present lead bromapatite are a = 10.063(1) Å,

c = 7.367(1) Å, and V = 646.1(1) Å3; these values are

closely comparable to the literature data for lead bromap-

atite [a = 10.0618(3) Å, c = 7.3592(1) Å; Kim et al.

2000]. Since the room-pressure unit-cell parameters and

volume of lead fluorapatite are a = 9.757(3) Å,

c = 7.283(4) Å, and V = 600.4(3) Å3 (Liu et al. 2008),

replacing F by Br apparently causes both unit-cell param-

eters and volume of the lead apatite to increase: a is

increased by * 3%, c by *1%, and V by *8%. For the

calcium apatites Ca10(PO4)6F2 and Ca10(PO4)6Br2

(Sudarsanan et al. 1972; Elliott et al. 1981; Kim et al. 2000),

however, the changes of the unit-cell parameters and vol-

ume caused by the substitution of F by Br are: a to increase

by *4%, c to decrease by *2% and V to increase by *6%.

The effect of pressure on the unit-cell parameters and

volume of lead bromapatite at room temperature is sum-

marized in Table 6 and graphically shown in Figs. 4, 5 and 6.
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Fig. 4 Pressure dependence of the unit-cell parameters a and c of

lead bromapatite at 300 K. Filled symbols are for data collected

during compression while empty symbols for data collected during

decompression. Note that for most data points their error bars are

smaller than the symbols. Equations are empirically regressed from

the data below 18 GPa
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The pressure dependence of the a-axis can be represented by

the regression equation a = 10.054(5) - 0.0547(14)P ?

0.00129(8)P2 and that of the c-axis by c = 7.349(5) -

0.0295(15)P ? 0.00085(9)P2, with a and c in Å and P in

GPa. Similar to the unit-cell parameters of lead fluorapatite,

the unit-cell parameters of lead bromapatite have a non-

linear dependence on pressure over the investigated pressure

range. In contrast, those of calcium fluorapatite were repor-

ted to have a linear dependence on pressure (Comodi et al.

2001; Matsukage et al. 2004). A careful examination of

Fig. 4 shows that the data collected at pressures above

18 GPa deviate slightly from the trend defined by the lower

pressure data. This phenomenon is likely due to the loss of

the hydrostatic condition within the diamond-anvil cell

caused by solidification of the pressure media, and is more

clearly manifested by the plot of a/c versus P (Fig. 5). In

contrast to the a/c ratio of lead fluorapatite, the a/c ratio of

lead bromapatite over the investigated pressure range is

manifestly dependent to pressure [(a/c) = –0.00175(5)P ?

1.3675(4)], clearly indicating that lead bromapatite is

elastically anisotropic (Table 6; Fig. 5). The systematic

decrease in a/c is readily associated with the accommodation

of the large Br anion in the apatite channel. The anomalous

lateral displacements of structural elements (particularly of

Pb2 and the PO4 tetrahedron) away from the c-axis anticipate

that lead bromapatite will be elastically weaker in the (001)

plane than along the c-axis. Compressional anisotropy, albeit

weak, has also been observed for fluorapatite (Sha et al.

1994; Brunet et al. 1999; Comodi et al. 2001; Matsukage

et al. 2004).

The P–V data of lead bromapatite are compared with the

P–V data of lead fluorapatite from Liu et al. (2008) in

Fig. 6. Clearly, these two lead apatites have very similar

bulk compressibilities. In addition, Fig. 6 indicates that the

elastic behaviour of lead bromapatite is fully reversible

after compression to 20.7 GPa.

In order to determine the elastic parameters, the P–V

data have been fitted to the third-order Birch-Murnaghan

equation of state (BM-EoS; Birch 1947) by a least-squares

method:

P ¼ 3KT fEð1þ 2fEÞ
5
2 1þ 3

2
K 0T � 4
� �

fE

� �

where P is the pressure, KT the isothermal bulk modulus,

K 0T the first pressure derivative of KT, and fE the Eulerian

definition of finite strain, which is [(V0/V)2/3 - 1]/2,

respectively. In the Eulerian definition of finite strain, V0 is

the volume at zero pressure whereas V is the volume at

high pressure. As illustrated in Figs. 4, 5, 6, the two datum

points collected at 18.7 and 20.7 GPa significantly deviate

away from the trends defined by other datum points, so that

they were excluded from the calculation of the bulk mod-

ulus. Our calculation with the data collected below 18 GPa

suggests KT = 63.8(21) and V0 = 645.0(9) as K 0T is set as

4, or KT = 48.3(10), K 0T = 11.2(6) and V0 = 646.1(2). Since

the data collected at pressures above 10 GPa were poten-

tially affected by the inhomogeneous stress in the diamond-

anvil cell due to the solidification of the pressure media at

about 10 GPa, we also tried our calculation with those data

gathered at pressures below 10 GPa. When K 0T is set as 4,

the derived isothermal bulk modulus (KT) of lead brom-

apatite is 60.8(11) GPa whereas the zero-pressure volume

is 645.6(5) Å3. If K 0T is not fixed, the results of our best

data-fitting are KT = 49.8(16) GPa, K 0T = 10.1(10) and

V0 = 646.0(2) Å3. In comparison to lead fluorapatite (Liu

et al. 2008), therefore, lead bromapatite has a smaller

isothermal bulk modulus (*12% smaller when K 0T is set as

4). Since the isothermal bulk moduli of calcium hydrox-

ylapatite, calcium fluorapatite and calcium chlorapatite

vary only up to *5% (Brunet et al. 1999; Comodi et al.

2001; Matsukage et al. 2004), it is of interest to investigate

the compressional behaviour of calcium bromapatite. By

fixing K 0T to different values and calculating KT, a corre-

lation analysis of KT and K 0T was also carried out and the

result is shown in Fig. 7 (with the P–V data collected at

pressure less than 10 GPa only). Apparently, the isothermal

bulk modulus of lead bromapatite is less dependent to K 0T
than that of lead fluorapatite. The available equations of

state for a selection of apatites are summarized in Table 7.

A linearized third-order BM-EoS was exploited to

obtain the axial EoS parameters of lead bromapatite (Angel

2000). By linearization of the third-order BM-EoS through

2 4 6 8 10 12 14

Bulk modulus pressure derivative, KT

B
ul

k 
m

od
ul

us
, 

K
T
 (

G
P

a
)

105
100

90

85

80
75

70
65

60
55

50

45

40

95 Ca10(PO4)6X2 (X = F, Cl or OH)

Pb10(PO4)6X2 (X = F or Br)

Fig. 7 Comparison of the isothermal bulk moduli of lead bromapatite

with lead fluorapatite and calcium hydroxylapatite-fluorapatite-

chlorapatite at 300 K. Filled diamonds are for calcium apatites

(Brunet et al. 1999; Comodi et al. 2001; Matsukage et al. 2004) while

squares and circles for lead bromapatite and lead fluorapatite (Liu

et al. 2008), respectively. Filled square and circle represent the best

data-fitting result for lead fluorapatite and lead bromapatite,

respectively
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the substitution of the cube of a lattice parameter (for

instance a) for the volume, the value of ‘‘linear-KT’’ can be

obtained, which is essentially one-third of the inverse of

the zero-pressure linear compressibility of that axis. Using

the compression data collected at pressures less than

10 GPa, we obtained (with K 0T (a) and K 0T (c) fixed as 4):

a0 = 10.061(2) and KT(a) = 56.6(8) GPa for the a-axis;

c0 = 7.356(5) and KT(c) = 77.9(49) for the c-axis. The

elastic anisotropy of lead bromapatite thus appears to be

significant, with the a-axis much more compressible than

the c-axis (KT(c)/KT(a) = 1.376). Similarly, we processed

the data for lead fluorapatite collected at pressures less than

10 GPa in Liu et al. (2008), and obtained: a0 = 9.732(24)

and KT(a) = 92.7(148) GPa for the a-axis; c0 = 7.264(5)

and KT(c) = 72.6(24) for the c-axis. Apparently lead flu-

orapatite has a weaker elastic anisotropy, but with the

c-axis more compressible than the a-axis (KT(c)/

KT(a) = 0.783). With the replacement of F by Br, inter-

esting, the principle axes of the strain ellipsoids of the lead

apatites switch directions.
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