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INTRODUCTION

The apatite-group minerals of the general formula, M;o(ZO4)sX, (M = Ca, Sr, Pb,
Na...,Z =P, As, Si, V..., and X = F, OH, Cl...), are remarkably tolerant to structural
distortion and chemical substitution, and consequently are extremely diverse in
composition (e.g., Kreidler and Hummel 1970; McConnell 1973; Roy et al. 1978; Elliott
1994). Of particular interest is that a number of important geological,
environmental/paleoenvironmental, and technological applications of the apatite-group
minerals are directly linked to their chemical compositions. It is therefore fundamentally
important to understand the substitution mechanisms and other intrinsic and external
factors that control the compositional variation in apatites.

The minerals of the apatite group are listed in Table 1, and representative
compositions of selected apatite-group minerals are given in Table 2. Also, more than 100
compounds with the apatite structure have been synthesized (Table 3). Phosphate apatites,
particularly fluorapatite and hydroxylapatite, are by far the most common in nature and are
often synonymous with “apatite(s)”. For example, fluorapatite is a ubiquitous accessory
phase in igneous, metamorphic, and sedimentary rocks and a major constituent in
phosphorites and certain carbonatites and anorthosites (McConnell 1973; Dymek and
Owens 2001). Of particular importance in biological systems, hydroxylapatite and
fluorapatite (and their carbonate-bearing varieties) are important mineral components of
bones, teeth and fossils (McConnell 1973; Wright et al. 1984; Grandjean-Lécuyer et al.
1993; Elliott 1994; Wilson et al. 1999; Suetsugu et al. 2000; Ivanova et al. 2001).

Following Fleischer and Mandarino (1995), Table 1 also includes melanocerite-(Ce),
tritomite-(Ce), and tritomite-(Y), the compositions of which correspond closely to
synthetic rare-earth borosilicate oxyapatites [e.g., Ce 0(S104)4(BO4),0,, Ito 1968]. These
minerals, however, have not been characterized adequately because they are invariably
metamict. Hogarth et al. (1973) showed that tritomite-(Ce) and tritomite-(Y), after heating
in air for 2 hours at 900°C, recrystallized to britholite-(Ce) and britholite-(Y), respectively,
with or without CeO, as an additional phase (see also Portnov et al. 1969). Also, it remains
unclear whether the compositionally similar melanocerite-(Ce) and tritomite-(Ce) are
separate mineral species or not. Other minerals whose structures are closely related to
those of apatites include ganomalite (Dunn et al. 1985a), nasonite (Giuseppetti et al. 1971),
and samuelsonite (Moore and Araki 1977).

Despite a long history of heated debate and controversy (see McConnell 1973 and
Elliott 1994 for reviews), carbonate-bearing apatites with lattice-bound CO3” ions are now
well established and recognized as the major minerals of phosphorites and the main
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Table 1. Summary of the apatite-group minerals

Mineral name Formula Space Group  Reference

fluorapatite Ca,o(POy)6F, P65/m Hughes et al. (1989)
hydroxylapatite Ca;o(PO,)s(OH), P2,/b Ikoma et al. (1999)
chlorapatite Ca;o(PO,4)6Cl, P2,/b Mackie et al. (1972)
fermorite Ca;o(PO,4);3(As04);(OH), P2\/m Hughes & Drexler (1991)
alforsite Ba;o(PO,4)sCl, P65/m Newberry et al. (1981)
pyromorphite Pbo(PO4)sCl, P65/m Dai & Hughes (1989)
strontium-apatite Sr10(PO4)s(OH), Po6; Pushcharovskii et al. (1987)
belovite-(La) Srs(Na,Lay)PO,)s(OH), P3 Pekov et al. (1996)
belovite-(Ce) Srs(Na,Ce,)PO4)s(OH), P3 Rakovan & Hughes (2000)
deloneite-(Ce) NaCa,SrCe(PO4);FP3 Khomyakov et al. (1996)
svabite Ca;o(AsO,)sF, P65/m Welin (1968)

johnbaumite Ca;o(AsO,)s(OH), P63/m Dunn et al. (1980)
clinomimetite Pbo(AsO4)sCl, P2,/b Dai et al. (1991)
hedyphane PbeCas(AsO,4)6Cl, P65/m Rouse et al. (1984)
mimetite Pbo(AsO4);Cl, P65/m Dai et al. (1991)
morelandite Ba;o(AsO,);Cl, P63;/m or P6;  Dunn & Rouse (1978)
turneaureite Ca;o(AsO,);Cl, P65/m Dunn et al. (1985b)
britholite-(Ce) CesCay(Si04)s(OH), Po6; Oberti et al. (2001)
britholite-(Y) YsCay(Si04)s(OH), P2, Zhang et al. (1992)
chlorellestadite Ca0(Si04)3(S05);Cl, P65 or P6;/m  Rouse et al. (1982)
fluorellestadite Cao(Si04)3(S0s);F, P65/m Chesnokov et al. (1987)
hydroxylellestadite Ca;o(SiO4);(SO5);(OH),  P2,/m Hughes & Drexler (1991)
mattheddleite Pb14(Si04)3(S04);Cl, P65/m Steele et al. (2000)
cesanite NagCay(S04)s(OH), P63/m Deganello (1983)
caracolite NagPb4(SO,4)6Cl, P2,/m Schneider (1967)
vanadinite Pbo(VO,)sCl, P65/m Dai & Hughes (1989)
melanocerite-(Ce)  Ces(Si,B);01,(OH,F)nH,O ? Anovitz & Hemingway (1996)
tritomite-(Ce) Ces(S1,B);(O,0H,F)3 ? Hogarth et al. (1973)
tritomite-(Y) Y5(S1,B)3;(O,0H,F)3 ? Hogarth et al. (1973)

components of bones and teeth of the vertebrates (e.g., Wallaeys 1952; Bonel and Montel
1964; Elliott 1964; LeGeros 1965; McConnell 1973; Jahnke 1984; McArthur 1985; Elliott
1994; Wilson et al 1999; Suetsugu et al. 2000; Ivanova et al. 2001) Bonel and Montel
(1964), using the structural positions of the COs> ions inferred from infrared (IR
absorptlon spectra, classified carbonate-bearing apatltes into two types: A-type with COs™
1ons in the c-axis anion channels and B-type with CO3* ions substituting for tetrahedral
PO, groups. “Francolite” and “dahlite” have been used widely in the literature to describe
carbonate-bearing ﬂuorapatlte and hydroxylapatite, respectlvely, but are not valid mineral
names because CO;” ions are not known to be the dominant anion species substituting for
tetrahedral groups (or in the c-axis anion channels) in natural carbonate-bearing apatites.

This chapter outlines the compositional variations of the apatite-group minerals, with emphasis
on the chemical substitutions that appear to be responsible for these variations. We
purposely include data from the large number of synthetic apatites, which may or may not
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have natural equivalents but are extremely informative in understanding the crystal chemistry of
this complex group of minerals. Also, we use the uptake of rare earth elements (REEs) in
fluorapatite, hydroxylapatite, and chlorapatite as examples to illustrate some of the important
factors that control the compositional variation in apatites. Following the practice in much of the
chemical and mineralogical literature, fluorapatite, hydroxylapatite, and chlorapatite are
hereafter abbreviated as FAp, OHAp and ClAp, respectively.

CATION AND ANION SUBSTITUTIONS IN APATITES

It is convenient to discuss the chemical substitutions in apatites relative to FAp, which
is the most studied mineral and compound of this group and has the ideal P63;/m structure
(e.g., Sudarsanan et al. 1972; Hughes et al. 1989). The structures of many natural and
synthetic apatites deviate from the P63/m structure (e.g., Mackie et al. 1972; Hughes et al.
1990; 1992; 1993; Hughes and Drexler 1991; Huang and Sleight 1993; Takahashi et al.
1998; Ikoma et al. 1999; Fleet et al. 2000a,b; Rakovan and Hughes 2000), but these
deviations are generally very small. It is reasonable, therefore, to discuss the atomic
arrangements of all apatites relative to the hexagonal unit cell and the P63/m structure to
facilitate direct comparisons among them (e.g., Hughes et al. 1990; Fleet et al. 2000a,b).

Notes for Table 2 (from the next three pages).

: fluorapatite, Corro de Mercado mine, Durango, Mexico (Young et al. 1969)
: REE-rich fluorapatite, Pajarito, Otero County, New Mexico, USA (Roeder et al. 1987; Hughes
et al. 1991b)

: Sr-rich fluorapatite, Lovozero massif, Kola Peninsula, Russia (Rakovan & Hughes 2000)

: carbonate-bearing fluorapatite (“francolite”), Staffel, Germany (Brophy & Nash 1968)

: hydroxylapatite, Holly Springs, Georgia, USA (Mitchell et al. 1943; a, including 0.15 wt %

insoluble)

6: carbonate-bearing hydroxylapatite (“dahllite”), Allendorf, Saxony, Germany (Brophy & Nash
1968)

7: REE-bearing hydroxylapatite in kalsilite-bearing leucitite, Grotta del Cervo, Abruzzi, Italy
(Comodi et al. 1999)

8: chlorapatite, Bob’s Lake, Ontario, Canada (Hounslow & Chao 1970; b, unit-cell parameters from
powder XRD)

9: fermorite, Sitipar deposit, Chhinwara district, India (Smith & Prior 1911; Hughes & Drexler
1991)

10: alforsite, Big Creek, California, USA (Newberry et al. 1981)

11: strontium-apatite, Inagli massif, Aldan, Yakutia, Russia (Efimov et al. 1962)

12: belovite-(La), Mt. Kukisvumchorr, Kola Peninsula, Russia (Pekov et al. 1996)

13: belovite-(Ce), Durango, Mexico (Rakovan & Hughes 2000)

14: deloneite-(Ce), Mt. Koashva, Kola Peninsula, Russia (Khomyakov et al. 1996)

15: svabite, Jakobsberg, Sweden (Welin 1968)

16: johnbaumite, Franklin, New Jersey, USA (Dunn et al. 1980)

17: hedyphane, Langban, Sweden (Rouse et al. 1984)

18. clinomimetite, Johanngeorgenstadt, Germany (Dai et al. (1991)

19: morelandite, Jakobsberg, Sweden (Dunn & Rouse 1978)

20: turneaureite, Langban, Sweden (Dunn et al. 1985b).

21: britholite-(Ce),Vico volcanic complex, Capranica, Latium, Italy (Oberti et al. 2001; c,
including 2.12 wt % UO,)

22: britholite-(Y), Henan, China (Zhang et al. 1992)

23: fluorellestadite, Kopeysk, Chelyabinsk basin, south Ural Mountains, Russia (Chesnokov et al.
1987)

24: hydroxylellestadite, Chichibu mine, Saitama Prefecture, Japan (Harada et al. 1971; d, including
0.72 wt % H,O")

25: cesanite from Cesano geothermal field, Latium, Italy (Cavaretta et al. 1981)

26: melanocerite, Burpala alkalic intrusion, north Baikal region, Russia (Portnov et al. 1969; e, total

rare earth oxides; f, including 0.63 wt % TiO, and 0.17% UQO,; g, unit-cell parameters obtained

after heating at 670°C)

N —
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Table 2. Representative compositions and unit-cell parameters of selected apatite-group minerals.

Analysis
(wt %)
P205
AS205
V205
B,0;
SO;
Si0O,
AL Os
F6203
FeO
CaO
MgO
MnO
PbO
BaO
SrO
NazO
KQO
Y203
La203
C€203
PI'203
Nd203
Sl’l’leg
EUQO3
Gd,0;
Tb203
Dy,0;
H0203
Er203
TIl’leg
Yb,0;
LUQO3
ThO,
CO,
H,O
F
Cl
-O=F,Cl
Total

a(A)
b
c
a(®)
p
Y

1

40.78
0.10
0.01

0.37
0.34
0.07
0.06

54.02
0.01
0.01

0.07
0.23
0.01
0.097
0.493
0.551
0.094
0.233
0.035
0.002
0.023
0.012
0.017
0.003
0.011
0.001
0.006
0.001
0.02
0.05
0.01
3.53
0.41
1.58
99.94

9.39101*

6.878(2

2

36.55
0.003

1.71

0.169
38.35

0.065

0.200
2.63
0.01
0.01
0.306
4.48
8.50
0.93
3.69
0.50
<0.059
0.33
0.477
<0.033
<0.082
<0.024
<0.005
<0.017
<0.015

3.65
0.01

101.11
9.406(3

9.40502
6.9132

90.02¢2
89.9833
120.002

3 4
39.15 40.33
47.14 51.42

1.35
10.67

1.17

0.38

2.70

0.63

3.37 3.89

trace

1.42 1.64
98.91 100.23

9.416(1) 9.346

6.924(1) 6.887

5

42.05

55.84
0.10
0.07

1.86
0.16
trace
0.07
100.16°

9.4166

6.8745

6

39.39

51.58
1.16

0.80

3.51
1.48
0.44
trace
0.19
98.17

9.419

6.886

7

34.22

1.53
3.11

0.04
54.61

0.86
1.58

0.48

1.10
1.46
0.02
0.61
99.92

9.4035

6.8990

8

41.20

53.40

0.09
0.13
6.20
1.45
99.57

9.606(4°

6.785(3

* Small number [ e.g., 3 ] following unit cell parameters is 1o error in the last decimal place.
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Table 2 (continued)

9 10 11 12 13 14 15 16 17
20.11 22.7 30.44 28.30 27.5 30.71 0.38 1.7 0.4
25.23 51.05 522 28.2

0 0.03 0.69
0.1 0.90 0.24 0.9 0.74
0.40 0.08
0.15
0.2 10.3
44 .34 10.80 0.50 0.61 14.77 42.07 435
1.64 0.52 0.1
<0.1 0 0.26
0.8 3.02 58.0
67.7 2.70 2.35 2.15 0.10 0.1
9.93 2.7 46.06 40.09 38.1 18.19 1.0
0.64 4.09 4.19 4.45 0.56
0.10 0.07 0.30
0.01 0.02
0.98 13.08 6.67 8.12
2.02 8.15 12.47 13.14
0.19 0.30 3.74 1.13
0.50 0.30 3.81
0.02 0.03 0.34
0.004
0.011 0.01
0.002
0.002
0.005
0.43 0.02
trace 0.61 0.22 0.01 0.38 0.25 1.3
0.83 0.7 1.67 2.04 2.39 2.03 1.99 0.2
0.08 3.6 0.03 0.12 0.1 33
0.35 1.2 0.70 0.86 1.01 0.85 0.87 0.1 0.7
100.17 101.7 99.74 99.31 97.86 97.18 100.42 99.2 100.6
9.5940* 10.284( 9.66(1 9.6471 9.659¢ 9.511 9.75 9.70¢ 10.140¢
95972 2
6.975¢ 7.6513 7.19 7.170 7.182¢ 7.01a 6.92 6.9302 7.1854
90.03¢4
89.95¢3
119.97¢

* Small number [ e.g., 3 ] following unit cell parameters is 1o error in the last decimal place.
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Table 2 (concluded)
18 19 20 21 22 23 24 25 26
0.33 2.05 6.1 1.11 0.327 1.31 0.66 2.85
22.05 28.11 449
4.37
0.35 20.75 21.56 52.6
0.14 21.10 25.254 15.3 17.30 14.73
0.317 1.84 trace 0.93
1.38 0.21 1.50
0.41 0.121 0.18
0.00 8.85 43.8 16.80 13.707 55.0 54.51 18.9 12.66
0.39 0.0 0 trace 0.59
1.9 0.18 0.041 0.04 0.12
74.61 24.85 0.7
33.00
0.00 0.28 0.72 0.48
0.00 0 0.33 0.34 23.3
0.086 0.10 0.07 0.21
1.71 44.43
11.23 38.89°
21.70 5.957
2.19
5.92
0.72
0.06
0.50
0.31 4.806
0.14 2.663
0.12
11.92 0.399 12.39
0.66 1.65
trace nd 0.13 0.30 2.76¢ 291 2.55
0.00 1.2 2.12 3.60 0.28 0.25 9.10
2.58 3.69 32 0.91 0.44
0.58 0.83 1.2 0.89 0.32 0.21 3.86
99.28 100.52 100.6 99.54°¢ 98.11 100.76 100.25 99.12 100.64"
10.189¢3*  10.8692  9.810¢4 9.5474 9.504 9.485(2 9.491¢ 9.4424 9.517%
20.3728 9.4144
7.46(1 73152 6.868@4 6.9911 6.92202 6.91602 6.9211 6.9033 6.989
119.88¢ 119.714

* Small number [ e.g., 3 ] following unit cell parameters is 1o error in the last decimal place.
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Substitution for fluorine (X anions)

The X anions in the c-axis channels of natural apatites are dominated by F°, OH’, and
CI' (Tables 1 and 2). Additional substituents in the c-axis anion channels include other
monovalent anions (Br I, Oy, O3, BOy, NCO', NOs’, and NO>"), divalent anions (O
COs*> . 0,%, S*, NCN%, and NOzz) vacancy (EI) and vacancy clusters, and neutral and
organic molecules (McConnell 1973; Trombe and Montel 1978; Elliott 1994). Major
substitutions responsible for the incorporation of these anions and vacancies into the c-axis
channels are as follows:

X =F (1)

O+X"=2F 2)

O+M" =F +Ca* (3)

20+0=2F +Ca* 4)

O+ 204" =F + PO, (5)

X"+ M =F + Ca* (6)
F

Skaergaard

Jimberlana

other /
/‘ Stillwater /' .
/& Bushveld ya I

— TN *

Stillwater & Bushveld
below major
PGE zones

\

Cl OH

Figure 1. Channel anion (X) composition of apatites from a variety of layered intrusions showing
extent of solid solution among FAp-OHAp-ClAp end-members. The molar proportion of F, OH and
Cl in apatite of near ideal Ca;((PO,4)¢X, composition appears to be limited only by the composition of
these components in coexisting fluid/melt (after Boudreau 1995).

Monovalent anions. Extensive substitutions among F, OH, and Cl have been well
documented in natural apatite-group minerals. For example, the compositions of apatites from
layered intrusions span almost the complete range of F, OH, and Cl end-members (Fig. 1;
Boudreau 1995 and references therein). Also, complete binary (F-OH, F-Cl, and Cl-OH) solid
solutions of Ca, Sr, and Pb apatites have been synthesized (e.g., Wallaeys 1952; Prener 1967;
Ruszala and Kostiner 1975). These monovalent anions are known to reside mostly in the c-axis
anion channels but may differ greatly in their precise location owing to significant differences in
ionic radius (Mackie et al. 1972; Elliott et al. 1973; Sudarsanan and Young 1980; Hughes et al.
1989, 1990; Fleet et al. 2000a,b; Rakovan and Hughes 2000). The crystal-chemical complexity
related to substitutions involving these monovalent anions in calcium phosphate apatites has
been discussed in Hughes and Rakovan (this volume).
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Composition

Ba;o(POy)sF>
Ba,¢(PO4)s(OH),
Baio(PO,4)sCl,
Ba;o(PO4)sCO;
Cayo(PO,4)6Br,
Cayo(PO4)sCO;
CalO(PO4)60D
Ca;o(PO4)s0;
Ca1o(PO4)6(NCN)D
CaﬁEuzNaz(PO4)6F2
CagEuy(PO4)s0,
Mno(PO4)Cl,
Sr19(PO4)sF,
Sr19(PO4)sCl,
Sr19(PO4)¢CO;3
Sr1o(PO4)sO0]
SrlO(PO4)602
Stg4Nag 2 4(PO4)sBO;
Cd;o(PO4)s(OH),
Cd,o(PO4)sCl,
Cd;o(POy4)¢Br,
Cd;o(POy)sl,
Pbo(PO4)s(OH),
Pbo(PO4)sOL]
PblO(PO4)6SD
PbgK,(PO,)s0,
CIPby(PO4)s;
Bizcag(PO4)602
LaZCag(PO4)602
Lazsrg(PO4)602

Cai9(AsO4)sCOs3
SI']()(ASO4)6(OH)2
Srlo(ASO4)6CO3
Cd10(AsO4)Br,
Cd,o(AsOy)sl,
Pb;o(AsO4)s(OH),
Eu9(AsO4)s(OH),

Caio(VO,4)s(OH),
SrlO(VO4)6(OH)2
Cd,o(VOy)sBr,
Cdo(VOy4)sl2
Pb;o(VO,4)s(OH),
Bigcag(VO4)602

Pbo gs00.15(04)sl 1700 3

Pan & Fleet

Table 3. Formulas of selected synthetic compounds with the apatite structure.

Reference

Mathew et al. (1979)

Engel (1973); Fowler (1974)
Hata et al. (1979)
Mohseni-Koutchesfehani (1961)
Elliott et al. (1981)

Elliott et al. (1980)

Wallaeys (1952)

Trombe & Montel (1978)
Trombe & Montel (1981)
Mayer & Cohen (1983)

Piriou et al. (1987)

Klement & Haselbeck (1965)
Kreidler & Hummel (1970)
Kingsley et al. (1965)

Nadal et al. (1971)

Hata et al. (1978)

Trombe & Montel (1978)

Calvo et al. (1975)

Hata et al. (1978)

Wilson et al. (1977)

Wilson et al. (1977)

Sudarsanan et al. (1977)

Engel (1970)

Wondratschek (1963)

Trombe & Montel (1975)
Mathew et al. (1980)

Hata et al. (1980)

Buvaneswari & Varadaraju (2000)
Buvaneswari & Varadaraju (2000)
Lacout & Mikou (1989)

Roux & Bonel (1977)
Mayer et al. (1975)
Hitmi et al. (1986)
Sudarsanan et al. (1977)
Sudarsanan et al. (1977)
Engel (1970)

Mayer et al. (1975)

Kutoglu (1974)

Mayer et al. (1975)
Sudarsanan et al. (1977)
Sudarsanan et al. (1977)
Engel (1970)

Huang & Sleight (1993)
Audubert et al. (1999)
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Table 3, continued
Composition

Calo(CrO4)6(OH)2
Sr19(S104)3(CrO4)3F>
KePby(CrOy)eF,

NagPb4(SO4)sF>
KsCay(SO4)sF,
Na6Cd4(SO4)C12
N36Pb4(SO4)6C 12

PbcK4(PO4)4(Se0,4),,
PbsK4(AsO4)4(SeO4),0,

Ca4Laﬁ(SiO4)6(OH)2
BayLag(5104)s(OH),
SryLag(S104)s(OH),
Cd4L36(SiO4)6(OH)2
Mg4Lag(SiO4)s(OH),
Pb,Lag(S104)(OH),
Mn,Lag(S104)s(OH),
CazLag(SiO4)602
BazLag(SiO4)602
SrzLag(SiO4)602
CdzLag(SiO4)602
MgzLag(SiO4)602
szLag(SiO4)602
Ml’lzLag(SiO4)602
NaLag(SiO4)602
LiYo(Si04)60>
DcaLag(SiO4)6F2
[,Lag(SiO4)sl],
Smyo(Si04)4(Si0;N),0,
CrQSmg(SiO4)4(SiO3N)202
Y 10(5104)4(BO4),0,
La;0(S104)4(BO4),0,

SrlO(SO4)3(GeO4)3F 2

St19(PO4)4(GeOy), 0,
CayLag(GeOy4)s(OH),
NaLag(GeO4)602

BaIO(Re05)6C12
Baio(ReOs)sBr,
Balo(R605)6CO3D
Ba,o(ReOs)5(02)2

Na6Pb4(B eF4)6F2

Reference

Banks & Jaunarajs (1965)
Schwarz (1967a)
Pascher (1963)

Kreidler & Hummel (1970)
Fayos et al. (1987)

Perret & Bouillet (1975)
Perret & Bouillet (1975)

Schwarz (1967a)
Schwarz (1967a)

Ito (1968)

Ito (1968)

Ito (1968)

Ito (1968)

Ito (1968)

Ito (1968)

Ito (1968)

Ito (1968)

Ito (1968)

Ito (1968)

Ito (1968)

Ito (1968)

Ito (1968)

Ito (1968)

Ito (1968)

Ito (1968)

Grisafe & Hummel (1970)
Grisafe & Hummel (1970)
Gaudé et al. (1975)
Maunaye et al. (1976)
Ito (1968)

Mazza et al. (2000)

Schwarz (1967b)
Schwarz (1968)
Cockbain & Smith (1967)
Takahashi et al. (1998)

Besse et al. (1979)
Baud et al. (1979)
Baud et al. (1980)
Besse et al. (1980)

Engel (1978)

21
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Bromine and I occur only as trace constituents in natural apatites (up to 100 ppm Br,
O’Reilly and Griffin 2000; Dong and Pan 2002), although several compounds of BrAp and
IAp have been synthesized (e.g., Akhavan-Niaki 1961; Sudarsanan et al. 1977; Baud et al.
1979; Elliott et al. 1981; Audubert et al. 1999). Single-crystal X-ray refinements of
synthetic BrAp and [Ap revealed that Br and I ions reside in the c-axis anion channels but,
unlike F in FAp, are located at (0,0,0) (Sudarsanan et al. 1977; Wilson et al. 1977; Elliott
et al. 1981; Audubert et al. 1999). These positions suggest that Br and I are incompatible
for solid solution with F, OH or Cl, which partly explains the paucity of Br and I in natural
apatites. Another important reason for the low Br and I contents in apatites is that these
elements partition strongly into coexisting solutions/melts (e.g., Bohlke and Irwin 1992;
Berndt and Seyfried 1997; Dong and Pan 2002).

Other monovalent anions, such as O,, 03", BO,", NCO’, NO;5", and NO,", have been
shown to occur in various synthetic apatites (Calvo et al. 1975; Dugas and Rey 1977;
Tochon-Danguy et al. 1978; Trombe and Bonel 1978; Dowker and Elliott 1983; Ito et al.
1988). For example, an electron paramagnetic resonance (EPR) study by Dugas and Rey
(1977) detected the presence of superoxide O, ions in synthetic oxygen-rich apatites and
suggested the location of the O, ions away from (0,0,1/4) on the basis of an anisotropic
Zeeman splitting factor (g). Similarly, Besse et al. (1980) reported that the O, ions in the
compound Ba;o(ReOs)s(0,), are located at (0,0,0.673). Tochon-Danguy et al. (1978)
assigned an asymmetrical EPR signal from an OHAp sample excited in an atmosphere of
oxygen gas at 80°C and 130 Pa to the presence of O3 ions in the c-axis anion channels.
Calvo et al. (1975) showed that BO; ions in the apatite anion channels have a linear
configuration with the B atom at (0,0,1/2) and O atoms at (0,0,0.3278) and (0,0,0.6722)
(see also Ito et al. 1988). Similarly, a polarized IR study of heated enamel by Dowker and
Elliott (1983) showed that the NCO™ ion, formed from reaction between NH,;" and CO,
during heating, is highly oriented in the c-axis direction, indicative of a location in the
c-axis anion channels. Elliott (1994) suggested that the NCO™ ion may be located at a
position similar to that of the BO, ion, although the C atom must be slightly displaced
from (0,0,1/2) along the c-axis because of the absence of a center of symmetry in the NCO
ion. The nitrate (NOs") and nitrite (NO;") ions also have been detected by IR spectroscopy
of A-type carbonate-bearing apatite samples heated in nitrogen monoxide and have been
suggested to be located in the c-axis anion channels (Dugas et al. 1978).

Vacancy and vacancy clusters. Sudarsanan et al. (1977) and Wilson et al. (1977)
showed that vacancies are common in the c-axis anion channels, and apatites with
completely vacant anion channels via Substitutions (3), (4), and (5) have been synthesized
[for example,

PbgK,(PO4)s,, Mathew et al. 1980;

DPbg(PO4)6D2, Hata et al. 1980,

Pb1o((PO4)4(Si04),0,, Merker et al. 1970).

The anion vacancies in CaF,-, Ca(OH),-, and CaCl,-deficient apatites are most likely
compensated by loss of Ca atoms [i.e., Substitution (4); see also Audubert et al. 1999; Christy et
al. 2001]. For example, vacancy clusters of the type Oopc.2HPO4 have been proposed to occur
in synthetic Ca(OH),-deficient OHAp (Labarthe et al. 1973). Cho and Yesinowski (1993; 1996)
detected a lack of coherence in the --\OH OH OH- chains in OHAp by a multiple-quantum
NMR dynamics study on the quasi-one-dimensional distribution of protons and interpreted it to
represent OH™ deficiency. Another type of vacancy in the anion channels is related to the
incorporation of divalent anions (e.g., 0%, $*, and COs%) in the channels via Substitution (2).
However, Ca;o(PO4)sOL, an end-member of this substitution, is not stable (Ito 1968) and
hydrates readily to oxyhydroxylapatite in air (Trombe and Montel 1978). EPR studies of FAp
(Warren 1972) provided evidence for different arrangements of vacancies in the anion channels,
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namely (1) (0O)°, one vacancy and one O atom replacing two F ions; and (2) (0JOO)", two
vacancies and one O atom substituting for three F~ ions. Wondratschek (1963) reported the loss
of the 65 axis in Pb;o(PO4)sO0 and attributed it to an ordered arrangement of vacancy and 0
along the c-axis.

Divalent anions. Partial or complete replacement of the monovalent ions (F OH’, or Cl )
in the c-axis channels by various divalent anions (e.g., 0%, COs”, Oz ,S¥, NCN* and NO,Y)
has also been well established. For example, the substltutron of O* for F is 1ndlcated by the
presence of natural oxygen-rich FAp (e.g., Young and Munson 1966; Sudarsanan and Young
1980) and has also been demonstrated by the synthesis of oxyapatites (Ito 1968; Felsche 1972;
Schroeder and Mathew 1978; Azimov et al. 1981; Piriou et al. 1987; Lacout and Mikou 1989;
Takahashi et al. 1998; Buvaneswarl and Varadara_]u 2000). Two examples of Substitution (2)
are the incorporation of O* and CO;” ions into oxyapatites and A-type carbonate-bearing
apatites (see below), respectively. Examples for Substitution (6) will be given in the section on
the incorporation of trivalent REEs into apatites.

In synthetic A-type carbonate apatites [e.g., Ca;o(PO4)sCOs0, Ba;o(PO4)sCOsO and
Sr10(As04)sCOs0], the incorporation of CO3” ions into the c-axis anion channels has been
shown to be of the type:

COs"+0=2F (2a)

(Mohseni-Koutchesfehani 1961; Bonel 1972; Baran et al. 1983; Hrtml et al. 1986)
Polarized IR studies (Elliott 1964) suggested that the planar CO3 " ions in the anion
channels are oriented approximately parallel to the c-axis to minimize the steric strain
related to the incorporation of this large ion (Gruner and McConnell 1937). This
configuration has recently been confirmed by single-crystal X-ray structure refinement of
a flux-grown, A-type carbonate apatite (Suetsugu et al. 2000).

Trombe and Montel (1978) reported the presence of the peroxide O,> ions in OHAp
and A-type carbonate-bearing apatites that have been heated in dry oxygen. They proposed
a reaction between OHAp and O; at 900°C:

Ca1O(PO4)6(OH)2_2X(02')XDX +1/2 yO, —> Cajo(PO4s)s(OH)22:(07 )5y (027)y Oy
where some of the O ions in the OHAp anion channels are oxidized to the 0, ions
without any disruption of other structural constituents. Slmllarly, Trombe and Montel
(1981) reported the presence of the cyanamide ions, NCN*, in the c-axis anion channels,
as indicated by the formation of Ca;o(PO4)s(NCN)O from heating of A-type carbonate
apatite in an atmosphere of NH3 at 600 to 900°C. Dowker and Elliott (1983) suggested that
the NCN” jons may be located at a p0s1t10n similar to that of NCO’ ions. Dugas et al.
(1978) suggested that the nonlinear NO,> ions are also present in the anion channels and
oriented with the O-O direction parallel to the c-axis.

Neutral molecules and organic molecules. Neutral molecules, including H,O, O,, and
CO», have been proposed to occur in the apatite c-axis anion channels (e.g., Joris and Amberg
1971; Rey et al. 1978a; Tochon-Danguy et al. 1978; Ivanova et al. 2001). Similarly,
Tochon-Danguy et al. (1978) suggested that Ar is most likely trapped in the c-axis anion
channels in enamel and bone powder samples, after they were subjected to low-temperature
ashing in the presence of excited Ar gas molecules. Organic molecules such as glycine (Rey
et al. 1978b), acetate (Bacquet et al. 1981a), and amino-2-ethylphosphate (Bonel et al. 1988)
also have been reported to occur in the c-axis anion channels of OHAp precipitated from
aqueous solutions containing the respective organic molecules.

Substitutions for calcium (M cations)

A large number of divalent cations (Sr*", Pb*", Ba®", Mn®", etc.) have been reported to
substitute for Ca in the apatite-group minerals. Similarly, many monovalent (e.g., Na'),
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trivalent (REE®"), tetravalent (Th*" and U*"), and hexavalent cations (U®"; Rakovan et al.
2002) commonly occur in significant quantities in apatites and may substitute for Ca. In
addition, Ca-deficiency (i.e., O) has been reported to occur in both natural and synthetic
apatites, especially in biogenic apatites (e.g., Elliott 1994; Wilson et al. 1999; Suetsugu et al.
2000; Ivanova et al. 2001). There are two Ca sites in the apatite structure: nine-coordinated
Cal and seven-coordinated Ca2 (Hughes et al. 1989). Therefore, possible cation ordering
between these Ca positions is not only of intrinsic interest in structural studies of the
apatite-group minerals but has important implications for substitution mechanisms.

Proposed substitutions at the Ca sites include:

M2 = 02t 7)
O+20=Ca* +2F 4)
O+2Z04 = Ca* +2 PO, (8)
M +O=Ca” +F (3)
2M =Ca* +0 9)
M+ M =2 Ca** (10)
M’ +Z04" = Ca®" + PO (11)
M+ X7 =Ca¥ +F (6)
M+ 20,5 = Ca®" + PO, (12)
2M+0O=3Ca"" (13)
2 M+ 204" =2 Ca* + PO, (14)
M* +0=2Ca* (15)

Divalent cations. Strontium is one of the most common M cation substituents in apatites
and forms extensive solid solution series with Ca in natural apatites (Efimov et al. 1962;
Pushcharovskii et al. 1987; Hughes et al. 1991a; Rakovan and Hughes 2000; Chakhmouradian
et al. 2002). In addition, there are several Sr minerals of the apatite group: belovite-(La),
belovite-(Ce), deloneite-(Ce), and strontium-apatite (Table 1). Also, complete solid solution
series between Ca and Sr end-members have been established experimentally for FAp,
OHAp, and ClAp (Khudolozhkin et al. 1972; 1973a; Heijligers et al. 1979; Sudarsanan and
Young 1980; Khattech and Jemal 1997). Despite early contradictory results on the Ca site
occupancy of Sr (e.g., Khudolozhkin et al. 1972; 1973a; Heijligers et al. 1979), it is now well
established that Sr almost exclusively occupies the Ca2 site (or equivalent sites) in apatite
structures (Sudarsanan and Young 1974, 1980; Hughes et al. 1991a; Bigi et al. 1998; Rakovan
and Hughes 2000). Sudarsanan and Young (1980) also found that the site preference of Sr for
Ca2 decreases with increase in the content of Sr and that the CI position shifts from (0,0,0.44)
in pure ClAp (Mackie et al. 1972; Hughes et al. 1989) to (0,0,1/2) in SrCIAp at or above 48%
of the replacement of Ca by Sr. This new location of the CI ions leads to the formation of the
SrO¢Cl, polyhedron in Srjo(PO4)¢Cl, (Sudarsanan and Young 1980). Similarly, Rakovan and
Hughes (2000) reported the presence of the SrO4Cl, polyhedron in a Cl-bearing belovite-(Ce),
on the basis of the location of CI  ions at (0,0,1/2).

Complete solid solutions between Pb and Ca end-members have been synthesized for
OHAp and CIAp (Akhavan-Niaki 1961; Engel et al. 1975; Miyake et al. 1986), although
Verbeeck et al. (1981) noted a miscibility gap in OHAp at 800°C. Single-crystal and
powder XRD studies on Pb apatites synthesized at elevated temperatures revealed that the
Pb>" ions have a strong preference for Ca2 sites (Engel et al. 1975; Hata et al. 1980;
Mathew et al. 1980; Verbeeck et al. 1981), as that in caracolite (Schneider 1967). Engel et
al. (1975) attributed this strong preference to the ability of Pb*" cations to form partial
covalent bonds (e.g., Pb2-O2 = 2.238 A in PbgK,(PO4)s,; Mathew et al. 1980). One
notable exception to this general trend is the study of Miyake et al. (1986) who, on the
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basis of Rietveld XRD refinements of Pb>" ion-exchanged OHAp, ClAp, and FAp,
suggested that Pb>" ions have no preference for Cal or Ca2 sites.

A complete solid solution between Ba and Ca end-members has been confirmed for
ClAp (Table 4), whereas large miscibility gaps are known to exist in FAp and OHAp (e.g.,
between 6 and 61 mol % Ba;o(PO4)sF, in FAp at 900-1100°C; Akhavan-Niaki 1961; Bigi
et al. 1984). Similarly, natural Cl-poor apatites contain only small amounts of Ba (up to
12.54 wt % BaO; Edgar 1989). Khudolozhkin et al. (1973a) showed that Ba”" ions have
preference for Ca2 sites and that this preference increases with increase in the content of
Ba. Also, this site preference is more marked in the Ca-Ba apatites than in the Sr-Ba
apatites (Khudolozhkin et al. 1973a).

Table 4. Solubility limits of some divalent cations in apatites Ca;o.,Mn(PO4)sX.

M X n References

Sr F 10 Akhavan-Niaki (1961), Khattech & Jamel (1997)
OH 10 Heijligers et al. (1979)
Cl 10 Akhavan-Niaki (1961)

Ba F 0.6 Akhavan-Niaki (1961)
Cl 10 Akhavan-Niaki (1961)

Pb OH 10? Engel et al. (1975), Verbeeck et al. (1981)
Cl 10 Kreidler & Hummel (1970)

Cd F 10 Akhavan-Niaki (1961) Kreidler & Hummel (1970)
OH 10 Bigi et al. (1986)
Cl 10 Klement & Haselbeck (1965)

Mg F 0.9 Kreidler & Hummel (1970)
OH 10?7 Patel (1980); Chiranjeevirao et al. (1982)
Cl 3.0 Klement & Haselbeck (1965)

Fe F 1.5 Khudolozhkin et al. (1974)

Mn F 1.37 Ercit et al. (1994)
Cl 10 Klement & Haselbeck (1965)

Co F 1.5 Grisafe & Hummel (1970)
Cl 2.5 Grisafe & Hummel (1970)

Ni F 0.75 Kreidler & Hummel (1970)
F 1.0 Brasseur & Dallemagne (1949)
Cl 3.0 Klement & Haselbeck (1965)

Cu Cl 4.0 Klement & Haselbeck (1965)

Zn F 1.0 Brasseur & Dallemagne (1949)

Sn F 5.0 Klement & Haselbeck (1965)
Cl 8.0 Klement & Haselbeck (1965)

Note that the reported complete solid solutions between Pb and Ca in OHAp and between Mg and Ca in OHAp are
questionable (see text for discussion).

The substitution of Mn in apatites has been extensively investigated because
Mn-doped FAp is used in the fluorescent-light industry, and Mn is ubiquitous in natural
apatites. The maximum content of 1.37 Mn atoms per formula unit (apfu) in natural FAp
(Ercit et al. 1994; see also Hughes et al. 1991a) exceeds the early proposed limit of 1 Mn
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apfu (Suitch et al. 1985). A more extensive solid solution between Ca and Mn may exist in
ClAp, as indicated by the synthesis of pure manganese ClAp (Table 4; Klement and
Haselbeck 1965). There is a general consensus that Mn®" ions have a strong preference for
the Cal sites (Ryan et al. 1972; Warren and Mazelsky 1974; Suitch et al. 1985; Hughes et
al. 1991a; Pan et al. 2002a). Manganese in the most Mn-rich FAp, however, shows only a
slight preference for Cal (64%) (Ercit et al. 1994). This disordering in the Mn-rich FAp is
consistent with the EPR results of Warren (1970), who showed that the site preference of
Mn for Cal decreases with increase in the Mn content (see also Warren and Mazelsky
1974). Ryan et al. (1972) suggested that the site preference of Mn for Cal is greater in
CaFAp than that in SrtFAp. Ohkubo (1968) reported that the EPR signal of Mn”" at Cal
(i.e., center Mn;) decreases with increase in the Cl content 1n binary CI-FAp. Warren and
Mazelsky (1974) also showed that the signal from Mn”" at the Ca2 site (Mny) in
CaF,-deficient FAp is very weak and is replaced by a different signal from Mn in a
modified Ca?2 site (i.e., Mny,,). Warren and Mazelsky (1974) noted that the signal intensity
from Mny increases with increase in the Mn/Ca value, whereas the Mny,,, signal intensity
decreases. Warren and Mazelsky (1974) associated the Mny,, center with the (0OO)"
defect (Warren 1972; see above). Suitch et al. (1985) suggested that incorporation of Mn
into FAp results in a reduction of symmetry to P63 or P3. This suggestion, however, was
not supported by studies of natural Mn-rich FAp (Hughes et al. 1991a; Ercit et al. 1994).

Iron occurs only as a minor to trace element and rarely exceeds 1 wt % as FeO in
natural apatites (up to 2.2 wt % FeO; Fransolet and Schreyer 1981). Khudolozhkin et al.
(1974) reported that the solubility limit of Fe in FAp is ~15 mol % replacement of Ca®" by
Fe*" (Table 4). Their Mossbauer spectroscoplc study suggested that Fe*™ is randomly
distributed between the Cal and Ca2 sites in Fe-poor FAp (<1 mol %), but has a strong
preference for Cal at high concentrations towards the solubility limit of Fe*" in FAp. These
results, however, are opposite to that of Hughes et al. (1993) who, on the basis of a
single-crystal X -ray structural refinement of a natural, Fe- bearlng monoclinic FAp,
showed that Fe** preferentially occupies Ca2-equivalent sites.

Although Mg appears to have a limited solubility in FAp (Table 4), a complete
replacement of Ca by Mg has been reported for OHAp (Patel 1980; Chiranjeevirao et al.
1982). However, an attempt by Terpstra and Driessens (1986) to confirm the results of
Chiranjeevirao et al. (1982) was unsuccessful. Neuman and Mulryan (1971) showed that
nearly 90% of the Mg in OHAp precipitated from Mg* -bearing solutions is readily
exchangeable and, hence is most likely located at surface positions. In synthetic
MngEEg(SIO4)602, Mg”" appears to preferentially occupy Cal sites and may alternate
with the REE*" ions (Ito 1968).

Other divalent cations, which substitute for Ca®" in apatites, include Ni*", Co*", Cu*",
Zn*", Sn**, Cd*" (Table 4), and Eu®" (Table 3). The solubility limits for Co®" in FAp and
ClAp are 15 and 25 mol %, respectively, but are less than 10 mol % in the Sr analogs
(Grisafe and Hummel 1970). Single-crystal X-ray refinements of Co- bearlng ClAp showed
that the Co”" ions are located exclusively at the Ca2 sites, with the Cl ions shifted along the
c-axis toward the Co®" ion to maintain a reasonable Co-Cl bond distance (Anderson and
Kostiner 1987). A complete replacement of Ca** by Cd*" has been demonstrated by the
synthesis of various Cd apatites (Sudarsanan et al. 1977; Wilson et al. 1977; Hata et al.
1978; Bigi et al. 1986; Christy et al. 2001). A cadmium K-edge EXAFS study by Sery et
al. (1996) suggested that Cd occupies both Ca sites with a slight preference for Ca2. The
presence of Eu®" in apatites has been well established for synthetic materials (Mayer et al.
1975) and has been confirmed by a synchrotron wavelength dispersive XANES study on
natural FA (Rakovan et al. 2001). Rakovan et al. (2001) also suggested that the presence
of both Eu”" and Eu’" is most likely responsible for the abnormal partitioning behavior of
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Eu, relative to other REEs, between the <001> and <011> sectors in the Llallagua FAp
crystals investigated by Rakovan and Reeder (1994, 1996).

Monovalent cations. Sodium is a common minor constituent in natural calcium
phosphate apatites (e.g., Roeder et al. 1987; Rensbo 1989; Comodi et al. 1999) and becomes
a major component in belovite-(La), belovite-(Ce), deloneite-(Ce), cesanite, caracolite, and
many synthetic apatites (Table 3). Potassium, Li, and Rb are only trace constituents in natural
apatites, but attain significant concentrations in some synthetic apatites (e.g., Schwarz 1967a;
Simpson 1968; Mathew et al. 1980). These monovalent cations in apatites have been shown to
have strong preference for the Cal sites (Calvo et al. 1975; Mathew et al. 1979; Fleet and Pan
1997a; Takahashi et al. 1998; Rakovan and Hughes 2000) and commonly 1nvolve REE’" ions
(see below) or other coupled substitutions (e.g., COs* or SO4” for PO4; see below) to
preserve electrostatic neutrality.

Other monovalent ions that have been proposed to substitute for Ca®" in apatites
include NH4" and H;O" (McConnell 1952; Simpson 1968; Doi et al. 1982; Vignoles et al.
1987) For example, McConnell (1952) and Simpson (1968) postulated the presence of
H;0" as replacement for Ca’" in Ca-deficient OHAp; however, this was questioned by
Elliott (1969), because this ion is generally restricted to the structure of strong acids. The
NH," ion has been shown to occur (at up to 0.12 wt % N) in carbonate apatites precipitated
from NHy4 —bearmg solutions (Doi et al. 1982 Vignoles et al. 1987). Doi et al. (1982)
suggested that NH, " may substitute for Ca®" via:

2NH, =Ca*" +0O (9a)

Ivanova et al. (2001) interpreted a slight decrease of atomic scattering at the Ca2 site in a
synthetic, NH, -bearing apatite to a preferential incorporation of NH4" ions into this site.

Trivalent cations. Apatite-group minerals have long been known as important hosts for
REEs and Y in igneous, metamorphic, and sedimentary rocks (e.g., Watson et al. 1985;
Roeder et al. 1987; Ronsbo 1989; Hughes et al. 1991b; Fleet and Pan 1995a; Gaft etal. 1997’
Pan and Breaks 1997) and in the biomass as well (e.g., Wright et al. 1984;
Grandjean-Lécuyer et al. 1993; Holmden et al. 1996, 1998). The ability of apatites to
accommodate significant amounts of REEs and Y is also demonstrated by the formation of
many natural and synthetic REE apatites (Tables 1, 2, and 3; Cockbain and Smith 1967; Ito
1968; Felsche 1972; Steinbruegge et al. 1972; Mayer et al. 1974; Azimov et al. 1981; Mayer
and Cohen 1983). Although early studies on REE site preference yielded contradictory
results (e.g., Cal, Urusov and Khudolozhkin, 1974; Ca2, Borisov and Klevtsova 1963),
recent X-ray structure refinements of natural and synthetic apatites have all shown that REEs
in FAp, OHAp, and OAp generally prefer the Ca2 site and that the site-occupancy ratios
(REE-Ca2/REE-Cal) decrease monotonically with increase in atomic number through the 4f
transition series (Hughes et al. 1991b, 1992; Fleet and Pan 1994, 1995a, 1997a; Takahashi et
al. 1998; Fleet et al. 2000a; Serret et al 2000). However, Fleet et al. (2000b) showed that
REEs in ClAp preferentially occupy the Cal equivalent sites, with the exception of Nd,
which has a marginal preference for the Ca2 equivalent sites [(Nd-Ca2/Nd-Cal) = 1.11].

Four main ty es of charge-co g)ensatlng mechanisms have been proposed for the
substitution of Ca”" by REE*" (and Y*7) in apatites (Ito 1968; Felsche 1972; Roeder et al.
1987; Rensbo 1989; Fleet and Pan 1995a; Comodi et al. 1999; Cherniak 2000; Serret et al.
2000; Chen et al. 2002a,b):

REE™ + X =Ca” + F (6a)
REE* +M" =2 Ca* (10a)
REE*" + Si0,* = Ca*" + PO, (12a)

2REE* +0O=3 Ca* (13a)
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Substitution (6a), involving concomitant replacement of O*or S* ions for F~ ions in the
c-axis anion channels, has been demonstrated by the synthesis of CagREE»(PO4)s0; (e.g., Ito
1968; Schroeder and Mathew 1978; Piriou et al. 1987; Serret et al. 2000) and
CaoxEux(PO4)6S 1152001 x2 (Suitch et al. 1986; Taitai and Lacout 1989). Single-crystal EPR
studies of synthetic FAp containing 1.2 wt % Gd,Os (Chen et al. 2002a) and 97 ppm "*'Gd
(Chen et al. 2002c) revealed the presence of a Gd®* center ‘a’, corresponding to occupancy of
Gd*" ions at Ca2 sites, and that the center ‘a’ has a rhombic (i.e., triclinic) local symmetry,
different from a uniaxial symmetry expected for the ideal Ca2 site in pure FAp. This distortion
was interpreted to be related to a replacement (and minor displacement away from z = 1/4 or
3/4; cf. Fleet al. 2000a) of O for F~ in the c-axis anion channel (Chen et al. 2002a).

(a) Ca Ca (apatite) -1 (b)
britholite
REE
=
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/ \, 12 13 14 15 16
P+Ca (apfu)
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Figure 2. Substitution of REEs into apatite from the Ilimaussaq intrusion, South Greenlend: (a) molar
proportion of Ca, REEs and Na; (b) (Si+REE) apfu versus (P+Ca) atoms per formula unit (apfu). Line
of slope -1 represents the coupled substitution: REE*" + SiO," = Ca®" + PO,”. Note that apatite
compositions from Na-rich sodalite foyaite and quartz-bearing peralkaline pegmatite reflect
progressively increasing importance of the substitution: REE®" + Na" =2Ca*" (after Rensbo 1989).

Substitution (10a) is well established on the basis of compositional data from natural
apatites (e.g., Roeder et al. 1987; Ronsbo 1989; Peng et al. 1997; Comodi et al. 1999; Fig.
2), and is largely responsible for accommodating REEs into belovites (e.g., Pekov et al.
1996; Rakovan and Hughes 2000). Although the end-member composition
NasREEs(POs)6F, for this substitution is known to be unstable, intermediate compositions
such as Na4REE;Ca,(PO4)sF, have been synthesized (Mayer et al. 1974). Other
monovalent cations that have been shown to participate in this type of coupled substitution
for the incorporation of REE*" into synthetic apatites include Li" (Ito 1968; Felsche 1972)
and Ag" (Mayer and Swissa 1985).

Substitution (12a) is also well documented in natural REE-bearing apatites (Fig. 2;
Roeder et al. 1987; Ronsbo 1989; Comodi et al. 1999), and is supported by a complete
solid solution between OHAp and britholite-(Y) (Ito 1968; Khudolozhkin et al. 1973b).
This substitution leads to the end-member Ca;REE¢(SiO4)¢F», which has been synthesized
for compositions involving La, Ce, Nd, and Y (Ito 1968; Mayer et al. 1974).

Substitution (13a), involving a vacancy at Ca sites, is partly responsible for the
accommodation of REEs in synthetic DCaREEg(SiO4)¢F2 and O,REEg(Si04)¢0, (Grisafe
and Hummel 1970). Chen et al. (2002b), on the basis of an EPR study on flux-grown FAp
crystals containing 57 ppm Gd, detected a Gd** center ‘b’ corresponding to occupancy of
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Gd’" ions at the Cal sites. Chen et al. (2002b) showed that the Gd** center ‘b’ has a highly
triclinic local symmetry, different from the uniaxial symmetry of the ideal Cal site in pure
FAp. Chen et al. (2002b) suggested that the triclinic symmetry of this Gd** center is related
to the presence of a vacancy at the next-nearest-neighbor Ca2 site, resulting in a
Gd*" -- O -- Gd’" arrangement, with the cations well separated.

Another extensively investigated trivalent cation in apatites is Sb>*, because Sb-doped
FAp acts as an activator in fluorescent-light tubes (e.g., Davis et al. 1971; Soules et al. 1971;
Mishra et al. 1987; DeBoer et al. 1991; Moran et al. 1992). Rietveld XRD refinements of a
FAp powder sample with 2.2 wt % Sb suggested that Sb>" is ordered at the Ca2 site (DeBoer
et al. 1991), consistent with the site occupancy deduced from excitation and emission spectra
of Sb-doped ClAp and FAp (Davis et al. 1971; Soules et al. 1971). However, the same study
on a different sample containing 3.1 wt % Sb did not find any evidence for substitution at the
Ca2 site but suggested, on the basis of electron density maps, that the Sb>* ions occupy the
(1/3,2/3,1/4) and (2/3,1/3,1/4) sites (DeBoer et al. 1991). Also, the Ca2 site assignment for
Sb>* jons is not consistent with results from '*'Sb Méssbauer (Mishra et al. 1987) or '°F and
3'P MAS NMR studies (Moran et al. 1992; see below).

Other trivalent cations that have been shown to substitute for Ca in synthetic
oxyapatites include Bi*" and Cr’" (Table 2). The composition of Bi,Cag(PO4)sO,
(Buvaneswari and Varadaraju 2000) suggests a coupled substitution of the type:

B’ +0*=Ca’ +F (6b)

Huang and Sleight (1993) showed that Bi*™ ions in Bi,Cag(VO4)sO, preferentially occupy
Cal sites (see also Mayer and Semadja 1983), whereas Cr’" ions in Cr,Smg(SiO4)4(SiOsN),0,
were found to reside exclusively in Ca2 sites (Maunaye et al. 1976). Mayer and Semadja (1983)
also noted that Bi tends to favor apatites with vacant anion channels.

Tetravalent cations. Elevated amounts of Th have been reported for natural apatites,
particularly in the REE-rich varieties [e.g., up to 15.9 wt % ThO; in britholite-(Ce)] from
alkaline and peralkaline igneous rocks (Hughson and Sen Gupta 1964; Arden and Halden
1999; Della-Ventura et al. 1999; Oberti et al. 2001). Uranium is also a common, minor to
trace element (up to 3.4 wt % UQ,) in natural apatites (Clarke and Altschuler 1958; Arden
and Halden 1999; Della-Ventura et al. 1999; Oberti et al. 2001), although the U contents in
apatites from some early studies may be overestimated owing to the common occurrences
of U-rich inclusions (Baumer et al. 1983). Compositional data (Hughson and Sen Gupta
1964; Baumer et al. 1983) have shown that Th*" ions substitute for Ca*" via:

Th* +0O=2 Ca*" (15a)

Similarly, Clarke and Altschuler (1958) suggested that U in apatites is mainly tetravalent
and that U*" ions occupy the Ca sites via a similar substitution (Baumer et al. 1983):

Ut +0O=2Ca* (15b)
Substitutions for phosphate (ZO4 group)

The PO,> group in the apatite-group minerals is commonly replaced by a Variet;/ of other
tetrahedral anion groups (e.g., AsOs”, VO, MnO,>, CrO4>, SO4%, SeO4>, CrO4~, BeF,”,
Si04*, GeO,", SbOsF*, SiOsN™, and BO,™). Another tetrahedral anion group proposed by
McConnell (1973) to substitute for PO4> is (OH),", by analogy to that in “hydrogarnets”
(Nobes et al. 2000; Armbruster et al. 2001 and references therein). But to our knowledge, no
structural evidence for the (OH)4* group has been found in the apatite-group minerals or their
synthetic analogs. Other polyhedral groups that have been shown to substitute for PO,> in the
apatite-group minerals_include COs>, BOs”, and ReOs”. Propos-ed mechanisms for the
replacement of the PO, group in the apatite-group minerals include:
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204" =PO4>" (16)
27204 +0=2P0O4 + Ca* (8)
704+ M =PO4" + Ca" (11)
204" + 204" =2 POs> (17)
705 +0O=POs +F (5)
20"+ M =PO,> + Ca®” (12)
7047 +2 M =P0Os  +2 Ca** (14)

Trivalent anion groups. Extenswe substitution of the PO,4”" group by the tetrahedrally
coordinated and isovalent AsO,> ion has been well established by the existence of a
complete solid solution between pyromorphite and mimetite (Kautz and Gubser 1969;
Fortsch and Freiburg 1970) and by data from As-bearing FAp (Persiel et al. 2000 and
references therein). One notable exception is the study of Bothe and Brown (1999), who
observed no solid solution between Ca;o(PO4)s(OH), and Cam(AsO4)6(OH)2 at amblent
temperatures. Hughes and Drexler (1991) showed that replacement of PO,>” by AsO,>
fermorite causes little disruption in the atomic arrangement of this mineral and that there is
no evidence of ordering accompanying the substitution:

AsO4 =PO4> (16a)

Other tetrahedrally coordmated and trlvalent ions that have been shown to substitute
for the PO4 group include VO4 , MnO4 , and CrO4 (Banks and Jaunarajs 1965;
Kingsley et al. 1965; Sudarsanan et al. 1977; Huang and Sleight 1993). Vanadinite and
synthetic vanadate apatites indicate the substitution (Sudarsanan et al. 1977; Dai and
Hughes 1989; Huang and Sleight 1993):

VO, =PO,> (16b)

and a complete solid solution series between Ca;o(PO4)sF2 and Ca;o(VO4)6F2 has been
conﬁrmed by Kreidler and Hummel (1970) Klngsley et al. (1965) showed the presence of
MnO4 ions as reylacement for PO4 ions in MnCl; flux-grown ClAp. Similarly,
replacement of POy ions by CrO,’ ions in synthetic apatites was reported by Banks and
Jaunarajs (1965) and Banks et al. (1971).

Other trlvalent jons that have been suggested to substitute for PO,’ include SbOs™>,
B03 ,and ReOs (Calvo et al. 1975; Ito et al. 1988 Mishra et al. 1987; Moran et al. 1992;
Schriewer and Jeitschko 1993) For example, an 1Sb Maéssbauer study by Mishra et al.
(1987) suggested that Sb in Sb-doped FAp occurs as the SbO;” ion, which may be
coordlnated with F~ as the fourth ligand to form the SbO3F group. Also, the presence of
SbO;™ ions in Sb-doped FAp is supported by results from "°F and *'P MAS NMR studies
(Moran et al. 1992). Ito et al. (1988) showed, on the ba51s of'i 1sot0plc frequency shifts (IR),
the presence of BOs® as replacement for PO4” in ''B- and '°B-doped apatites. Schrlewer
and Jeitschko (1993) emphasized that the apex oxygen atoms of the pyramidal ReOs>
groups in Ba;o(ReOs)¢Cl; all point approximately down the c-axis, resulting in the loss of
the horizontal mirror plane (see also Besse et al. 1979).

Divalent anion groups. Extensive substitution between SO4* and PO,> has been
demonstrated by compositional data from natural apatites (McConnell 1937; Schneider
1967; Rouse and Dunn 1982; Hughes and Drexler 1991; Liu and Comodi 1993; Peng et al.
1997; Comodi et al. 1999) and is supported by the synthesis of various sulfate apatites
(e.g., Schwarz 1967a,b; Kreidler and Hummel 1970; Khorari et al. 1994). Common
correlations between the Si and S contents in natural apatites (Rouse and Dunn 1982;
Baumer et al. 1990; Liu and Comodi 1993; Peng et al. 1997; Comodi et al. 1999; Steele et
al. 2000) indicate a charge-compensating mechanism of the type:
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SO, + Si04*" =2 PO, (17a)

For example, Rouse and Dunn (1982) reported that SO4* and SiO4" in ellestadites occur in
consistently equal proportions, suggesting a possible ordering of Si and S in the ellestadite
structure. Sudarsanan (1980) showed that the equivalent tetrahedral sites in the P6s/m
structure split into 3 non-equivalent T1, T2 and T3 sites in monoclinic hydroxylellestadite
and that some degree of Si-S orderlng does appear to occur. This observatlon has since
been confirmed by Hughes and Drexler (1991), who showed that the Si*" and S® ions in
monoclinic hydroxylellestadite preferentially occupy the T1 and T2 sites, respectively, and
that the T3 site is occupied by both ions in approximately equal proportions. Khorari et al.
(1994), however, did not find any evidence for Si-S ordering in synthetic FAp.
Compositional data from natural and synthetic FAp (Liu and Comodi 1993; Peng et al.
1997) also indicate a substitution of the type:

S04 + Na"=P0O,> + Ca®* (11a)

This substitution, however, appears to be less important than Substitution (17a) (Peng et al.
1997).

The common occurrence of B-type carbonate-bearing apatite involving replacement of the
PO,> group by COs” is now well established (McConnell 1973; Elhott 1994; Ivanova et al.
2001). Polarized IR studies suggested that the orientation of the CO5> ion lies in the position of
the sloping face of the replaced PO,” tetrahedron (Elliott 1964). A Ca K-edge EXAFS study of
carbonate—bearlng OHAp showed that the coordination of the Ca*' 1ons by the nearest-neighbor
O atoms is not notably affected by the replacement of CO5> for PO,”", but marked changes in the
transformation occur beyond 3 A (Harnes et al. 1987). These data led Harries et al. (1987) to
suggest that the O atoms of the planar CO5> ion occupy three of the four vacant O sites left by a
PO4™ ion, and that the fourth O site is directed away from the CO3 ion. A Rietveld XRD
reﬁnement of a synthetic, B-type carbonate-bearing OHAp by Ivanova et al. (2001) showed that
the CO;” ions randomly occupy the two vertical faces of the POy tetrahedron (i.e., the faces with
a common edge parallel to the c-axis).

Six charge- compensatlng mechanisms have been proposed for the incorporation of
C032 1ons into the PO4 sites:

CO;0H> = PO4* (16¢)
COsF* =PO,*> (16d)
2 COs* +O=2P0O, + Ca*' (8a)
CO5™ + Si04* =2 PO,* (17b)
CO;* +Na" =P0O4" + Ca** (11b)
COs;” + H;0" =PO,> + Ca®* (11c)

The two substitutions involving CO;0H> and COsF* were proposed mainly on the basis
of compositional data from natural and synthetic carbonate-bearing apatites (e.g., F + OH >
2 apfu; Borneman-Starynkevich 1938; Borneman-Starynkevich and Belov 1953; Trueman
1966; Labarthe et al. 1971; Vignoles and Bonel 1978; Sommerauer and Katz Lehnert 1985
Blnder and Troll 1989). These two substitutions are appeahng in that the CO3F* and CO;0H*
groups are tetrahedrally coordinated and are isovalent with the PO,> group for which they
substitute. However, evidence for the presence of COsF>” and CO3;0H” groups from IR and
EPR studies (e.g., Labarthe et al. 1971; Vignoles and Bonel 1978; Bacquet et al. 1980; 1981b)
is ambiguous (Okazaki 1983; Elliott 1994 Regnier et al. 1994) Also, Okazakl (1983) and
Jahnke (1984) found no clear positive correlatron between the F and CO3 contents in
synthetlc apatites. Indeed Jo structural evidence for CO;F*” or CO;0H” groups has been
found in any of the 'H, "°F and °C NMR and EXAFS studies of natural and synthetic
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carbonate-bearing apatites (e.g., Harries et al. 1987; Rey et al. 1989; Beshah et al. 1990

Regnier et al. 1994). Also, ab-initio quantum mechanical calculations suggested that COsF>” is
unstable in apatites and that the excess F~ ions in carbonate-bearing FAp most likely occupy an
interstitial site (Regmer et al. 1994) Another variation of these two substitutions is
replacement of CO3H20 for PO4 , which also suffers from the lack of structural evidence for
the existence of CO3H202 (Beshah et al. 1990).

X-ray structural data from synthetic carbonate- bearmg apatites (Suetsug,l et al. 2000)
showed that the charge imbalance introduced when CO;”™ replaces PO, is compensated
primarily by Ca vacancies [i.e., Substitution (8a)]. However, uncertainties remain regarding the
location of the associated vacancies (e.g., Ca2 site, Wilson et al. 1999; Cal site, Ivanova et al.
2001). The coupled substitution involving concomitant replacement of 8104 for PO,> has been
well established on the basis of compositional data from high-temperature FAp and OHAp in
igneous rocks (e.g., Sommerauer and Katz-Lehnert 1985 Comodi et al. 1999). The coupled
substitution involving parallel replacement of Na” for Ca®" was also proposed on the basis of
compositional data from natural carbonate-bearing apatites (McConnell 1952; Ames 1959), and
has been confirmed by the synthesis of Na- and carbonate-bearing apatites (e.g., Bonel et al.
1973) On the other hand, the similar substitution involving concomitant replacement of H;O"
for Ca®" (McConnell 1952; Simpson 1968) is less certain.

Two other divalent co ylex ions that have been shown to substitute for PO43' n
synthetic apatites are SeO;~ and CrO,” (Schwarz 1967a,b). The compositions of
PbsK4(PO4)4(Se04),0, and PbeK4(AsO4)4(SeO4),0, (Schwarz 1967a) suggest a coupled
substitution of the type:

SeO4” + K" =PO,> + Ca*" (11d).

The compositions of K¢Pbs(CrO4)sF, and Srjo(SiO4)3(CrO4)3F, (Schwarz 1967b)

suggest the charge-compensating mechanisms are respectively:
CrO4” + K" =PO,” + Ca™* (1le)
CrO4” + Si04" =2 PO (17¢)

Tetravalent anion groups. A complete solid solut10n between OHAp and
britholite-(Y), indicative of extensive substitution of PO4 by SIO4 , has been confirmed
by data from both natural apatites and experimental synthesis (Ito 1968; Felsche 1972;
Rouse and Dunn 1982; Roeder et al. 1987; Rensbo 1989; Liu and Comodi 1993; Comodi
et al. 1999). Two coupled substitutions of the type:

Si0,* + REE* = PO,* + Ca® (12a)

and  SiO4" + (S04C03)* =2 PO, (17a,b)
have been proposed for incorporating Si into apatites (Roeder et al. 1987; Rensbo 1989;
Liu and Comodi 1993; Comodi et al. 1999) and have been discussed above. Peng et al.
(1997) showed that these two substitutions alone cannot account for the observed Si

contents in their FAp synthesized from FMQ-buffered experiments and proposed an
additional coupled substitution of the type:

Si0" + O=POs +F (5a)

A replacement of GeO," ions for PO, ions is indicated by synthetic germanate
apatites: M 9(Z04)3(GeO4)3F, (M = Sr, Pb; Z =S, Cr) and Sr;o(PO4)4(GeOy4),0, (Schwarz
1967b, 1968). These composmons suggest that the charge-compensating mechanisms for
the incorporation of GeO," ions are of the type:

GeO;* + (SO47,Cr047) =2 PO, (17d,e)
GeOs" +O=POs +F (5b)
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Frondel and Ito (1957) documented the substitution of GeO4* for AsO,> in natural
mimetite.

Pentavalent anion groups. SiO;N”" ions have been suggested to occur in synthetic
silicate oxyapatites (Gaudé et al. 1975; Maunaye et al. 1976; Guyader et al. 1978; Dupree
et al. 1988; Harris et al. 1989), and are apparently incorporated via a coupled substitution
of the type:

SiO;N> + 2 REE* =P0O," +2 Ca*™  (14a)
as indicated by the composition of Sm;y(Si04)4(SiO3N),0, (Gaudé et al. 1975).

It has been noted above that the synthetlc rare-earth borosilicate oxyapatites of Ito
(1968) suggest the presence of BO,” ions (see also Mazza et al. 2000), which can be
related to PO, in FAp via a coupled substitution of the type:

BO,” + 2 REE* =P0O,” +2 Ca*" (14b)

Ito (1968) also showed that there is a complete solid solution between Ca,Y(Si04)¢O, and
Y 10(S104)4(B04)20,, where the exchange reaction is:

BO,” + Y*" = Si0,* + Ca*".

INTRINSIC AND EXTERNAL CONTROLS ON UPTAKE OF REES IN
APATITES

It is not possible to detail all of the factors that may influence the complex chemical
variation in apatites (see also reviews by McConnell 1973; Roy et al. 1978; Elliott 1994),
especially because data for many solid solutions are either incomplete or absent.
Accordingly, we have selected the uptake of REEs in FAp, OHAp, and ClAp as examples
to illustrate some of the important factors, both intrinsic (crystal-chemical) and external
(P-T-X), that control the compositional variation in apatites.

Crystal-chemical controls

Data from natural apatites and laboratory experiments have shown that the uptake of REEs
in natural apatites is highest in the range Nd-Gd, the peak in the uptake curve being near
Nd for synthetic FAp (Fleet and Pan 1995b; 1997b), OHAp (Fleet et al. 2000a), and ClAp
(Fleet et al. 2000b), while uptake is lowest for Lu (Figs. 3 and 4). Also, Watson and Green
(1981) showed that the partition coefficient for Sm [D(Sm)] between FAp and melts of
basanitic to granitic compositions is greater than those for La, Dy, and Lu. Similarly, Ayers
and Watson (1993) reported that D(Gd) is greater than D(Ce) and D(Yb) for partitioning
between FAp and aqueous fluids at 1.0 GPa and 1000°C. The overall consistency of this
behavior for rocks, melts and fluids of widely different composition points to
crystal-chemical controls on the uptake of REEs in apatites.

From systematic analysis of site occupancies and structural change in REE-substituted
FAp, OHAp, and ClAp (Fleet and Pan 1994; 1995a; 1997a,b; Fleet et al. 2000a,b), Fleet et al.
(2000b) noted that the crystal-chemical factors that control site preference and uptake of REEs
in apatites are complex and include substitution mechanisms (Mackie and Young 1973),
spatial accommodation, equalization of bond valence (Hughes et al. 1991b; Takahashi et al.
1998) and a possible crystal field contribution for Nd.

Substitution mechanisms. Fleet et al. (2000b) noted that different substitution
mechanisms were responsible for the incorporation of REEs into synthetic apatites. For
example, REEs in OHAp that crystallized from HzO -bearing thosphate melts were
charge-compensated by concomitant replacement of PO,> by SiO4, i.e.,

REE* + Si0,* = Ca* + PO, (12a)
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Figure 3. Melt-normalized REE patterns for fluorapatite (FAp) from lunar rocks (full
circles; Jolliff et al. 1993), Skaergaard layered series, Greenland (upper zone, [; Paster et
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(apatite/whole rock data, O; Gromet and Silver 1983), and the Ilimaussaq intrusion, South
Greenland (sodalite foyaite; A and x are ranges in REE content of FAp; Rensbo, 1989;
Larsen 1979) (from Fleet and Pan 1997b, with permission).
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(Fleet et al. 2000a), whereas these elements in ClAp that crystallized from H,O-bearing,
Na-rich phosphate-chloride melts were charge-compensated by parallel substitution of Na
for Ca, i.e.,

REE* + Na" =2Ca*' (10a)

(Fleet et al. 2000b). The REEs in FAp that crystallized from H,O-bearing phosphate-fluoride
melts were charge-compensated by concomitant substitutions of both Si for P and Na for Ca
(Fleet and Pan 1997b). Fleet et al. (2000b) noted that the site occupancy ratio of REE (i.e.,
REE-Ca2/REE-Cal) in these synthetic apatites broadly correlated with substitution mechanism:
e.g., for La-doped apatites, this ratio is 11 in OHAp (with charge compensated by Si), 4 in FAp
(with charge compensated by both Si and Na), and 0.71 in ClAp (with charge compensated by
Na). These observations support the suggestion of Mackie and Young (1973), who found that
Nd’* ions substitute for Ca in both Cal and Ca2 positions at approximately equal atomic
proportion in NdF;-doped FAp, but exclusively in Ca2 in Nd,Os-doped FAp. However, Chen et
al. (2002b and Pan et al. (2002a) showed that Gd** ions in flux-grown FAp crystals containing
0.8 and 57 ppm Gd, prepared under similar conditions to those of Mackie and Young (1973),
occupy both Cal and Ca2 sites and have Gd-Ca2/Gd-Cal values of 0.13 and 0.20, respectively.
This marked preference of Gd for the Cal site in these crystals, opposite to those observed in
Gd-rich Fap (e.g., Gd-Ca2/Gd-Cal = 2.0 for a Fap crystal containing 10.36 wt % Gd,O3; Fleet
and Pan 1995a), is most likely attributable to the availability of intrinsic Ca*" vacancies in the
c-axis channels at ppm concentrations, i.e., via Substitution (13a) (Pan et al. 2002b). Cherniak
(2000) also attributed the differences in the diffusion rates of REE in FAp among three sets of
experiments (i.e., ion-implantation, in-diffusion, and out-diffusion) to differences in substitution
mechanisms.

Spatial accommodation. The effect of spatial accommodation on the uptake of REE
by apatites has been investigated by Fleet and Pan (1995a; 1997a) and Fleet et al.
(2000a,b). It was noted that the effective size of the Ca2 site, which preferentially
incorporates light REEs in FAp and OHAp, depends on the volatile anion component.
Fleet et al. (2000b) showed that plots of the REE site occupancy ratio versus change in the
cell volume relative to end-member structures converge toward (REE-Ca2/REE-Cal) = 1
and AVyit cen = 0 for both FAp and OHAp (Fig. 5). This relationship suggests that
minimization of volume strain is an important factor in the strong preference of light REEs
for the Ca2 position. Ca2 is a fairly open site and readily accommodates substituents, as is
evident from plots of polyhedral volume versus unit-cell volume (Fig. 6). Conversely, the
individual Ca2-O distances and Cal polyhedral volume do not change homogeneously
with change in unit-cell volume. Fleet et al. (2000b) suggested that the Cal polyhedron, a
distorted trigonal prism, does not readily accommodate cations that are either appreciably
larger or smaller than Ca2. Thus, the REE site-occupancy ratio decreases monotonically
for FAp through the range of 4f series in response to progressive minimization of volume
strain. A similar behavior is observed for OHAp, except that somewhere beyond Sm, the
REE®" cations become too small for strain-free substitution into Cal and preferentially
enter Ca2. Also, uptake is optimized for Nd*~ — Gd’*, because these cations fit most
readily into the Ca positions of FAp and OHAp, although this explanation appears to be
more quantitative for OHAp than for FAp. The unusual site preference of REEs in CIAp
also has been attributed to the large increase in size (6-8%) and distortion of the Ca20X
polyhedron on substitution of Cl for (F,OH) (Fleet et al. 2000b).

Egqualization of bond valence. Bond valence is a measure of the bonding power of an atom
and is calculated using empirical bond strength-bond length correlations (Brown 1981). It has
been used extensively to understand the site preference of REEs in apatites and calc-silicate
minerals (Hughes et al. 1991b; Fleet and Pan 1995a,b; Pan and Fleet 1996a; Fleet et al. 2000a;
Rakovan and Hughes 2000). Ca2 is the only Ca position coordinated to the volatile
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been fitted visually (from Fleet et al. 2000a, with permission).
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anion component (F, OH, and Cl) and is underbonded in FAp. Therefore, Fleet and Pan (1995b)
suggested that minor amounts of trivalent REEs in FAp should favor Ca2 over Cal to increase the
bond valences of both Ca2 and F. Hughes et al. (1991b) used calculated bond valence to show that
HREEs (Gd to Lu) are underbonded in both Ca positions, whereas La, Ce and Pr are slightly
overbonded in the Cal position and therefore should prefer Ca2. Promethium and Sm should favor
Cal, and Nd should readily substitute into either Cal or Ca2. These results suggested that bond
valence might influence both REE site preference and selectivity of apatites for REEs. However,
X-ray structure refinements (Fleet and Pan 1995a; 1997a; Fleet et al. 2000a,b) revealed an
apparent monotonic decrease in REE site-occupancy ratio (REE-Ca2/REE-Cal) through the 4f
transition-metal series, with the bond valences of Cal and Ca2 remaining more or less equal. In
contrast, the melt-normalized REE patterns for synthetic FAp peaked near Nd-Sm (Fig. 2). These
observations led Fleet and Pan (1997a) to suggest that the overall site preference for REEs is
determined by equalization of bond valence but that the effective size of the Ca positions (as
discussed above) exerts greater control on the selectivity of apatites for REEs. Rakovan and
Hughes (2000) also extended the bond-valence requirement to explain the observed site
occupancies of Sr and REEs in belovite-(Ce). They suggested that Sr, which is overbonded in the
Cal site of FAp by as much as 0.97 valence units (Hughes et al. 1991a), competes for the Ca2 site
and preferentially occupies a Ca2 site, forcing the REEs into a Cal equivalent site.

Crystal field contribution. Fleet et al. (2000b) noted that progressive change in
individual Ca-O bond distances and O-Ca-O bond angles with substitution of REE for Ca
in apatites is not continuous but tends to hinge at Nd. For example, the changes in the
Ca2-01 distance in REE-doped FAp, OHAp and CIAp all show anomalous contraction at
Nd (Fig. 7). In particular, incorporation of Nd into ClAp resulted in a marked decrease in
the Ca2-O1 distance, even though this element was present in greater abundance than
neighboring REE cations (La and Sm). Clearly, the anomalies at Nd are not consistent with
the incorporation of spherical, hard-shell cations of progressively increasing (or
decreasing) radius. Fleet et al. (2000b) suggested that Nd imposes a local Jahn-Teller
distortion on the Ca2 position. The 4f crystal field effect should be stronger for the Ca2
position because of its asymmetrical crystal field, more pronounced for Pr and Nd than
adjacent REEs and heavy REEs, and absent for La, Gd and Lu (e.g., Morss 1976). This
interpretation is analogous to that of Hughes et al. (1993), who suggested that the strong
preference of Fe** for the Ca2 equivalent positions of a monoclinic, Fe-bearing FAp
resulted from a contribution by the 3d crystal field stabilization energy (CFSE; cf. Burns
1993). It is noteworthy that Co®" and Cr’" ions have large CFSEs in asymmetrical crystal
fields (Burns 1993) and therefore are expected to preferentially occupy the distorted Ca2
sites, consistent with results from X-ray structure refinements of synthetic Co and
Cr-bearing apatites (Maunaye et al. 1976; Anderson and Kostiner 1987). Mn”" ions of the
high-spin configuration have zero CFSE, and, therefore, are controlled largely by
geometric factors, and hence prefer the Cal position (Hughes et al. 1991a).

External (P-T-X) controls

Watson and Green (1981) reported that the partition coefficients of REEs [D(REE)]
between FAp and silicate melts increase systematically with decrease in temperature and
with increase in the SiO, content of the melt. Also, Khudolozhkin et al. (1973b) showed
that the site preference of REEs for Ca2 in the FAp-britholite series decreases with
increase in both temperature and content of Si, approaching zero as P is completely
replaced. Similarly, Chen et al. (2002b) noted that the Gd site-occupancy ratios
(Gd-Ca2/Gd-Cal) of FAp grown in CaF;-rich melts at 1220°C and atmospheric pressure
are significantly lower than that of a Gd-rich FAp synthesized hydrothermally at 700°C
and 0.12 GPa (Fleet and Pan 1995a). These results point to possible geothermometric
applications using the intracrystalline partitioning of REEs in apatites. However, further
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studies are needed to quantitatively isolate the effect of temperature from those of other
factors (e.g., substitution mechanisms) on the REE site-occupancy ratios in apatites.

Chen et al. (2002b) noted that the Gd site-occupancy ratios (Gd-Ca2/Gd-Cal) of FAp
grown in CaF,-rich melts at 1220°C and atmospheric pressure are significantly lower than
that of a Gd-rich FAp synthesized hydrothermally at 700°C and 0.12 GPa (Fleet and Pan
1995a). These results point to possible geothermometric applications using the
intracrystal-line partitioning of REEs in apatites. However, further studies are needed to
quantitatively isolate the effect of temperature from those of other factors (e.g.,
substitution mechanisms) on the REE site-occupancy ratios in apatites.
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Figure 7. Change in Ca2-O1 bond distance of REE-substituted apatites with substitution
of REE relative to Dy-Ap, showing anomalous decrease at Nd attributed to a 4f crystal field
contribution (from Fleet et al. 2000a, with permission).

Jolliff et al. (1993) attributed the very low apparent values of D(REE-FAp/melt) in
whitlockite-bearing lunar rocks to the high temperatures expected for lunar magmas and
somewhat low SiO; and Na,O contents. They also noted that other melt components could
be contributing factors as well, citing the positive correlation between REE abundances
and content of Cl reported by Murrell et al. (1984) for FAp coexisting with whitlockite. A
control on the REE uptake in FAp by melt/fluid compositions is evident in Pan and Breaks
(1997), who reported marked discontinuities at Nd and Er on chondrite-normalized REE
patterns of FAp from rare-element mineralized pegmatites. These discontinuities are
attributed to depletion of these two elements relative to neighboring REEs in the residual
melts, probably related to extreme fractionation involving monazite and garnet.

The dependence of D(REE) on SiO; content is generally attributed to a decrease in the
number of melt sites suitable for REE®" cations with increase in the degree of
polymerization (Watson 1976; Ellison and Hess 1989; Gaetani and Grove 1995). Also, an
increase in SiO; content in the melt is expected to promote the coupled substitution:
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REE* + Si0,* = Ca* + PO, (12a)

further enhancing D(REE) values. Similarly, activities of other impurities (e.g., Na) in the
melt/fluid are also expected to affect the uptake of REEs by apatites because they participate
directly in coupled substitutions for the incorporation of REESs into apatites (see above).

Oxygen fugacity is expected to exert direct controls on the uptake of Ce and Eu in
apatites, because these two REEs commonly occur in mixed valences (e.g., Rakovan et al.
2001). Similarly, many other elements are known to be multi-valent in apatites (e.g., Cr,
+3, +5 and +6; Mn, +2, +5 and +6; and S, -2 and +6) and, therefore, are expected to be
influenced by oxygen fugacity. For example, the experimental data of Peng et al. (1997)
revealed a correlation between the SOs content of FAp and fO,, signifying a strong control
on the uptake of S by fO,.

SUMMARY AND SUGGESTIONS FOR FUTURE RESEARCH

Available data from natural occurrences and synthetic materials have shown that
apatites are capable of accommodating a large number of elements and molecules because
of the remarkable tolerance of these phases to structural distortion and chemical
substitution. The chemistry of apatites is further complicated by nonstoichiometry,
order-disorder in all of the c-axis anion channel, tetrahedral and Ca sites, and the presence
of elements with multiple valences (e.g., Cr, Eu, Mn, and S). The example on the uptake
of REEs in FAp, OHAp, and CIAp showed that the complex compositional variation in
apatites is controlled by both crystal-chemical and external factors.

The diverse compositions of apatites have contributed to such important applications as
petrogenetic modelling in crustal-mantle studies (e.g., Watson et al. 1985; Brenan 1993;
Boudreau 1995; Pan and Fleet 1996b; Pan and Breaks 1997), paleoenvironmental
reconstruction (Holmden et al. 1996, 1998; Pan and Stauffer 2000), immobilization of heavy
metals (Chen et al. 1997; Arey et al. 1999) and radioactive wastes (Wronkiewicz et al. 1996),
agriculture (Nriagu 1984), medical sciences (Harris et al. 2000; Kato et al. 2001) and material
sciences (Steinbruegge et al. 1972; Mishra et al. 1987; Rakovan and Hughes 2000). In
particular, many of these applications make direct use of specific compositional
characteristics of apatites. For example, apatites as major hosts of REEs have been shown to
be important in geochemical models for crustal anatexis, magma evolution and mantle
compositions (Watson et al. 1985). Also, apatites with elevated Sr, REE, U, and Th contents
have been widely used in radiogenic isotope analysis. In particular, the ¥ Sr/*Sr values of Ca
apatites have long been used as a proxy of initial *’Sr/*°Sr values for tracing the source and
evolution of magmas and fluids, because Ca apatites typically have very low Rb/Sr values and
hence relatively small amounts of radiogenic Sr from the decay of “'Rb (e.g., Creaser and
Gray 1992). Similarly, the compositions of biogenic apatites from fossils and sedimentary
rocks have allowed a wide range of stable and radiogenic isotope (e.g., O, S, C, Sr, Nd, and
U-Th-Pb) analyses with applications for environmental studies and paleoenvironmental
reconstruction (Holmden et al. 1996, 1998 and references therein).

The combined geological, environmental, medical and economic importance has made
apatites some of the most extensively researched minerals in the past. We have every reason to
believe that these same applications and potentially new ones will attract continuing and
future research on these minerals. Many applications of apatites require better understanding
of their chemistry; in particular, data are generally limited or even absent for biogenic apatites
due to their very fine grain size. For example, little is known about the mechanisms or rates of
the uptake of REEs into biogenic apatites. Therefore, future research on factors that control on
the compositions of biogenic apatites should be rewarding, because of their important
applications in medical sciences, environmental studies, and paleoenvironmental
reconstruction (e.g., Holmden et al. 1996, 1998; Kato et al. 2001). Similarly, the great
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versatility in both structure and chemistry of apatites makes them good candidates in the quest
for new and better materials, including biomaterials. For example, carbonate-bearing OHAp
has been investigated extensively for its nucleation and interactions with organic molecules
(e.g., proteins) in connection with its use in artificial bones (e.g., Harris et al. 2000; Kato et al.
2001; Vali et al 2001). Rakovan and Hughes (2000) suggested that it may be possible to tailor
the emission characteristics of apatite hosts by controlling the distribution of activating
lanthanides between the two Ca sites with specific Sr codoping. Also, Huang and Sleight
(1993) showed that synthetic Bi,Cag(VO4)sO, compound does not have a center of symmetry
and therefore is a candidate for ferroelectricity.
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