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SILICATE APATITES AND OXYAPATITES
Ju~ Ito, National Bureau of Standards, Washington, D.C. 20234.

ABSTRACT

Various synthetic compounds of the silicate-apatite group are isomorphous with the
minerals abukumalite, beckelite, britholite and lessingite. Three different types were syn-
thesized hydrothermally at 2 kilobars: (Ca, Sr, Ba, Pb, Mn and Cd)*(Ln, Y)e?tSigOs-
(OH),, (Na, Li)s*(Ln, Y)s**SigOxu(OH), and NaytCaz?* (Ln, Y)s_3*Sis_.P;0u(0H);, =0
to 6.

Complete solid solution exists between hydroxylapatite Ca;oPgO2u(OH); and Ca,YSis
0:4(0OH); (abukumalite). Unit-cell dimensions of all compounds and indexed X-ray powder
data of the typical end compounds are tabulated.

Anhydrous silicate oxyapatites, with the probable formulas M2 (Ln, Y)s#*SigOs and
M*(Ln, Y)s**Si¢0q and more generally (M+, M2+, Ln®*, Y3 and Th*")14(Si, P and B)¢Os;,
were prepared at temperatures from 950 to 1260°C in air. The following solid solution
systems of oxyapatite were established: Ca»Y Sig025e2Cas Y2 POz, CaslasSicOse=2Caslas-
POz, PbytPbs*V2Sis002Phot Y 5800, Mg:YsSig0262 Y 16516B20ss, and Cay¥ SigOsse=
Y16Si4B20zs.

Infrared spectroscopic analysis, water determination by two different methods, and
differential thermal analysis of selected compounds demonstrated the presence of OH in
silicate-apatite and its absence in oxyapatite.

NalLagSisOy was obtained as transparent needles up to 0.05 mm by slow cooling in a
flux (Na,WOy) from 1150 to 750°C. Euhedral transparent crystals of NasLngSisOxF; up to
8 mm were grown by the combination of slow cooling and evaporation of the flux (NaF) at
temperatures from 1350 to 900°C. New fluorescent yttrium and gadolinium analogues of
oxyapatites activated by europium and terbium were prepared.

INTRODUCTION

The isostructural relation of the minerals lessingite (Zilbermintz, 1929),
britholite and beckelite (Morozewicz, 1905 and Winther, 1901), as well
as abukumalite (Hata, 1938) to apatite, calcium phosphate Cai0(POy)s
(OH),, hexagonal P6;/m with the general formula (Na, Ca, Th, Lnly,
(Si, P)s02(OH),, was first pointed out by Machatschki (1939) and was
confirmed by later studies (Higele and Machatschki, 1939; Gay, 1957,
Omori and Hasegawa, 1953; Nechaeva and Borneman-Starynkevich,
1956; Sakurai and Kato, 1962; Kupriyanova and Sidorenko, 1963).
Tritomite (Neumann, Sverdrup and Saebo, 1957) and spencite (Frondel,
1961) are metamict minerals, which were probably fluoro-boro-silicate
apatites. They recrystallize as oxyapatite with the formula (Ln, Th, Ca)1e-
(i, B)s0240; when heated (Jaffe and Molinski, 1962).

The synthesis and crystal growth of analogous end members of the
above rare-earth silicate apatites have been an attractive field for re-
search. Trémel and Eitel (1957) reported the growth of abukumalite

! Ln—Lanthanides.
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Ca,YSi5004(OH),, and La and Nd-britholite (Na, Ca, La, Nd)10Sis0a4s-
(OH); by solid-state reaction or flame fusion in air at high temperature.
They speculated that hydroxy! ions were introduced from atmospheric
moisture. Ce-britholite (Ceftosil) (Ca, Ln)1oSisO21F2 was found in blast-
furnace slags (Rudneva, Nikitin and Belov, 1962) and a similar
compound was synthesized by Lenov (1963). Keler, Godina and Sav-
chenko (1961); Lenov (1962); and Miller and Rase (1964) synthesized in
air rare-earth orthosilicates having the apatite structure, with empirical
formula LnsSizO12 (Ln=1La, Nd, Ce, Sm and Gd). At the time of prepara-
tion of this manuscript, Cockbain and Smith (1967) published the re-
sults of the syntheses of alkaline-earth rare-earth silicate and germanate
apatites by solid-state reaction at atmospheric pressure. They claimed
that hydroxyl compounds were synthesized simply by passing steam
through the reaction chamber at high temperature. They proposed a
classification of naturally occurring minerals based on their results from
rather limited experiments. They also showed random distribution of
La%* and Ca2* over the 4f and 6/ sites, and reported apatites with halogen
sites vacant, partly occupied or fully occupied, depending on cation
ratio.

None of the above studies for hydroxylapatite shows proof of the
presence of OH ions in synthetic apatites. Unlike phosphate-apatite,
silicate-apatite loses water at temperatures below 1100°C. In my view to
be presented here hydrated end members can only be synthesized hy-
drothermally.

Oxyapatite,! in which 2q¢ sites are partly or completely vacant, has
been the subject of controversy since voelckerite Caio(PO4)sO was de-
scribed (Rogers, 1912). Tt is certain that the difficulty of high tempera-
ture (1400°C) water analysis is responsible for earlier misleading reports.
Korber and Trémel (1932) discredited the existence of oxygen-deficient
oxyapatite Ca;o(POs)sO previously reported (Tromel, 1932); however,
they synthesized oxyapatite Cagl.a;PsOq with 26 oxygen sites fully oc-
cupied. Nevertheless, the concept of oxygen-deficient oxyapatite per-
sisted. Wondratschek (1963) described series of oxypyromorphite Pbio
(PO,)60, Dietzel and Paetsch (1956) synthesized a single crystal of lead
oxysilico phosphate apatite Pb;oSisP4sOx in which all the halogen sites
were said to be vacant. Recently Young and Munson (1966) reported a
partly dehydrated oxygen-deficient apatite from Colorado (OH, O, F
plus C1=25.68 compared with 26). None of the above studies, however,
gave sufficient evidence to establish the presence of vacant halogen sites

! In this paper, compounds of the type CaioPsC2s(OH), will be referred to as hydroxyl-
apatite, those of the type CaioPs0xO: as oxyapatites, and those of types CaP¢0x0 as
oxygen-deficient oxyapatites.
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(McConnell, 1965). After Kuzmin and Belov (1965) discarded the em-
pirical formula for rare-earth orthosilicate apatite LnSi;Oy5 and intro-
duced the cation defect formula Ln,gSisOi3, Cockbain and Smith
(1967) again brought up the same concept of halogen-site vacancy.

My investigation was undertaken to establish isomorphous relations
between rare-earth silicate and phosphate apatites, and to give additional
information for the characterization of these complex rare-earth silicates
by the determination of the conditions and the complete compositional
range of formation. It was later extended to include the oxyapatite
problem in an attempt to contribute to its clear definition, especially as
regards the deficiency of sites and total charge balance. Moreover, new
fluorescent light emitters activated by rare-earth elements were sought
among these compounds. An investigation of single-crystal growth was
undertaken with sodium tungstate and sodium fluoride flux fusion in
order to supply good quality single crystals for further studies of the de-
tailed structure of apatite and for possible applications in materials
science.

SYNTHESIS

Reagents used for the preparation of starting gels included oxides of lanthanum,
neodymium, samarium, gadolinium, dysprosium, yttrium, erbium, holmium and lutetium;
thorium nitrate, manganese chloride, strontium chloride, calcium nitrate, lead nitrate,
magnesium nitrate, barium chloride, barium hydroxide, cadmium sulfate, lithium car-
bonate, ammonium dihydrogen phosphate, boric acid, sodium silicate and potassium sili-
cate.

Starting gels for lead rare-earth silicates were precipitated at pH 9 with ammonia
from 300 ml of 0.5 millimolar solution of apatite. The resulting precipitates were washed in
a centrifuge with 300 ml of distilled water. The gels for calcium analogues were prepared
by precipitation with an ammonium carbonate solution stabilized in ammonia at pH 9.
Gels for strontium, manganese and magnesium analogues were prepared by mixing Mg-
(OH),, MnCO; or SrCO; (all powdered) into a suspension of rare earth silicate at the time
of precipitation by ammonia at pH 9. Use of NaOH solution was avoided because analogues
containing divalent ions readily form solid solutions with sodium analogues of the silicate
apatite. The gels of the sodium, barium and lithium analogues were prepared in a porcelain
evaporating dish of 100 ml capacity, by mixing exact amounts of concentrated solutions of
sodium silicate, lithium carbonate or barium hydroxide with the precipitated rare-earth
silicate gels. Phosphate- and borate-bearing gels were also prepared in the same way as
described above, mixing solutions of boric acid, phosphoric acid or sodium phosphate into
the precipitated silicate gels.

All the gels were air-dried at 110°C, except the manganese and barium analogues. These
were dried in an evacuated oven at 120°C in order to avoid oxidation or absorption of car-
bon dioxide, respectively.

Dry syntheses were carried out by heating gels in a box furnace at temperatures rang-
ing from 800 to 1250°C for 3-20 hours. A porcelain boat containing approximately 100 mg
of dried gels was placed in a preheated furnace. Manganese analogues were synthesized at
1250°C in order to aveid the formation of manganese oxides of higher valencies, which
might be produced at temperatures below 1100°C.
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TaBLE 1. UNIT-CELL DIMENSIONS OF THE SILICATE APATITES (HYDROXYL)
Synthesized Hydrothermally at 650°C and 2 kbars (450°C for Pb analogues)

Formula a(A) ¢ @A) V(AY Formula a(A) (A V(A

Mn,Lag SigOx(OH):  9.66 7.05 569 SrGdSic0u(OH): 9.53 7.00 550
MnNdg SigO:4(0H),  9.50 6.90 539 Sr,DyeSig02s(OH). 9.43 6.92 532

St YSig0us(OH)s  9.52 6.91 543
Mn,SmeSig0.4(OH)>  9.43 6.82 525 Sr;HoSis02(OH): 9.42 6.91 531
Mn,GdeSig02(OH),  9.38 6.78 521 Sr,FreSig0x(0H), 9.42 6.83 525
MngDySigO(0OH).  9.33 6.68 503 SrLugSi0ss(OH) 9.50 6.79 532

Mn,YSigO04(OH)2 9.31 6.65 499 PbyLagSis0(0OH), 9.80 7.26 604
Mn,;ErGSisOu(OH)z 9 £ 28 6 o 63 494 Pb4C€sSieOz4(OH)2 9 . 77 7 0 19 594
Pb,NdeSic02a(0H)2 9.76 7.13 588
Ca,LagSigO0u(OH)2 9.66 7.12 575 PbSmeSi0:(0OH): 9.74 7.05 579
CaCesS1602:(OH), 9.61 7.09 567 PbiGdeSis0:(0H): 9.72 6.99 572
Ca4NdGSi6024(OH)z 9 = 56 7 o 00 554 Pb4D yGSi5024(OH)2 9 0 70 6 90 562
Ca,SmeSis0e(0OH):  9.50 6.94 542 PbYSigOu(OH): 9.68 6.86 567
Ca4Gd4Sis0:4(0H), 9.43 6.890 531 Pb,EreSigOs(OH): 9.68 6.84 551
Ca,DyeSis0u(0H);  9.40 6.83 523 Pb,LuSig02(0H), 9.64 6.75 543
CaYS1024(OH)s 9.40 6.81 519
Ca ErgSig0:4(0OH), 9.38 6.78 517 Ba,NdSis0(0H): 9.76 7.18 593
Ca,LugSig0:.(OH), 9.35 6.74 510 Ba,SmeSi0s(OH): 9.73 7.10 582
Sr4LasSi6024 (OH)2 9 5 7 1 7 3 23 591 Ba4GdGSi6024(OH)2 9 3 72 7 3 03 575
Sr4C66516024(0H)2 9. 67 7 .14 578 Ba4DyGSi(,-Og4(OH)2 9. 66 6.95 561
SriNdSig0:4(OH)» 9.62 7.10 369 NapYsSis04(OH); 9.34 6.78 512
7.17 589

Sr,SmeSigO24(OH): 9.60 7.05 563 NayLagSis0:(0H)s 9.74

Hydrothermal syntheses were done in cold-seal steel bombs of 25 ml capacity at tem-
peratures from 500°C to 750°C under two kilobars pressure. Approximately 50 mg of dried
gels were placed in a silver liner made of 0.03 mm of silver foil (10 mm long and 3 mm I.D.).
The bombs were filled with the exact amounts of distilled water to give the desired water
pressure. After the reaction, the bombs were always quenched by compressed air and the
products were washed out from the liner and air dried.

All the products of the syntheses were examined by the X-ray diffraction powder method
using filtered CuKo radiation and an internal silicon standard. Powder diffraction pat-
terns of apatites were indexed according to the established apatite hexagonal cell of space
group P6y/m. Unit-cell dimensions were calculated from the following reflections (appro-
priately weighted): 002, 102, 210, 211, 112, 300, 310, 113, 410 and 004, and are given in
Tables 1, 2 and 3. X-ray powder data of four typical compounds are compared with those of
the natural minerals in Table 4.

Frux GROWTH OF SINGLE CRYSTALS

Single crystal growth of oxyapatite for crystal structure work and for chemical analysis
was attempted by flux fusion. An extended search showed that sodium tungstate was an
effective flux. The optimum composition for growth was found to be La:Os, 2.0g;Si0,, 0.6 g;
and Na;WO,- 21,0, 40 g. Cooling from 1150°C to 750°C was carried out at the rate of
1°C/hr. The melt was then quenched from 750°C to room temperature and the remaining
flux dissolved by boiling in hot dilute NaOH solution. Unreacted amorphous material was
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TaBLE 2. UNIT-CELL DIMENSIONS OF THE SILICATE APATITES (OXY)
Synthesized at 1200°C in Air. (900°C for Lead Analogues and 1050°C for Mg
Analogues and Alkali Analogues)

Formula a(h) ¢A) V(@AY Formula a) A V(A3
BazLaBSiGO%- 9. 77 7 .32 605 szGdsSieOQa 9.54 6. 95 548
Ba;NdsSic0s 9.66 7.16 579 PbeDysSisOs 9.47 6.87 534
BaySmsSig0es 9.62 7.06 566 Ph;Y3sSi0s 9.42 6.80 522
Sl‘gLassi(;Oms 9 . 69 7 .22 586
SraNdsSieOss 9.57 7.09 562 MnyLasSigOqs 9.63 7.08 568
S125mSigOse 9.51 7.02 550 MneNdsSigOss 9.47 6.91 537
SI‘zGd gsiﬁoge 9. 47 6. 97 541 MnQSm sSiaOge Q.42 6.85 526
SraDySis0s6 9.42 6.90 5330 MnyGdsSisOse 9.34 6.79 518
Sr3Y 5516006 9.38 6.86 523 MnyDysSisOs 9.33 6.71 506
SroErsSigOg 9.36 6.81 517 MnyYsSisOss 9.32 6.69 503
CazLagSiGO%- 9.63 il 12 571 MngErsSiGOM 9.30 6.65 498
Ca,NdsSisOss 9.52 7.00 549  Mg;LagSig0es 9.59 7.05 561
CasSmsSigOss 9.44 6.93 335 MgeNdsSigOss 9.45 6.86 530
CaxGdsSigOss 9.39 6.87 525  MgeSm;SicOns 9.38 6.80 518
CasDySig0s 9.37 6.81 518 MgyGdsSigOss 9.33 6.75 509
CayY sSigO0 9.34 6.77 511 MgDysSigOss 9.31 6.69 504
CasErgSigOes 9.33 6.75 509 MgoYsSisOs 9.31 6.64 498
CasLugSigOsg 9.28 6.68 498  Mg,ErsSigOs 9.28 6,58 491
CdoLasSisOq6 9.64 7.09 571  NaLaSigOu 9.69 7.18 583
szLagSieOze 9.71 7.20 588 NaYQSiGOzs 9.33 €.75 509
Pb,NdsSisOss 9.65 7.12 574 LiY,SigOes 9.34 6.72 508
PhySmsSig0ss 9.5 7.06 561  (Na,Th,La)1SisOx 9.66 7.13 576

scparated by selective flotation. A mass of very fine transparent crystals (0.05 mm) were
obtained. Approximately 1.0 g (959, pure) was used for the chemical analyses.

Larger crystals of Na;LasSisOuF> were grown as euhedral transparent crystals up to 8
mm in size with well developed faces using sodium fuoride flux by the combination of slow
cooling (2°C/hr) and flux evaporation at temperatures from 1350°C to 950°C. The optimum
composition for growth was found to be Si0O,, 0.45 g; LaOs, 2.0 g; and NaF, 10 g. Short
prismatic crystals with {100} {101 } and {001} are common. Also thick tabular crystals
with {111} {101} {100} and relatively large {001} were formed.

The crystals of Nd (purple), Pr (blue), Sm (yellow) and Gd (colorless) analogues were
also grown successfully. For non-alkaline species such as CagY sSisOqg, potassium tungstate
or fluoride were promising as flux.

Melting points of the compounds were not determined because most of the compounds
melt incongruently and at temperatures higher than 1400°C.

LUMINESCENCE

Most of the compounds show a faint fluorescence in a variety of colors
under ultraviolet excitation. Intense visible luminescense was observed
in the yttrium and gadolinjium analogues when activated by 5-10 per-
cent of europium or terbium. The following compounds synthesized in
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TasLE 3. UNiT-CELL DIMENSIONS OF THE PHOSPHATE- AND BORATE-BEARING
SILICATE APATITES AND HicuLY OXIDIZED LEAD
YTTRIUM SILICATE APATITES

Formula ao(A) co(A) V (A% IPXs
CagYsSigPy004(0OH)s 9.41 6.87 527 500°C 2 kb
CagYSisPy02,(0OH): 9.39 6.83 522 550°C 2 kb
CayNayLagSi P04 (OH), 9.62 7.11 570 550°C 2 kb
Ca,Na;yLaSi;P,0y(OH), 9.51 7.00 548 550°C 2 kb
Pb24+Pb 32+P4Si2025 9 q 78 7 33 607 QOOOC 1 ba.r
CasY2PeOs 9.37 6.84 520 1200°C 1 bar
CagY;Si2PyOss 9.36 6.84 519 1200°C 1 bar
Ca Y SigPoOsg 9.35 6.82 516 1200°C 1 bar
CasLasPO 9.48 6.95 541 1200°C 1 bar
Ca;La,SipPyOs 9.57 7.02 557 1200°C 1 bar
CaLagSiysP:Og 9.62 7.07 566 1200°C 1 bar
MgV S5izBOsg 9.18 6.73 491 1150°C 1 bar
Y1051,B20s 9.15 6.75 489 1150°C 1 bar
Phyt Phg2tY 251026 9.77 6.94 573 900°C 1 bar
Pba*TPb Y 18100 9.72 6.87 562 900°C 1 har
Pb4*Pby?"Y ;S50 9.59 6.81 542 900°C 1 bar
CaYgsisBO% 9

.28 6.78 506 1150°C 1 bar

air at 1280°C fluoresce: Cay(Gd, Eu)sSigOss, Sra(Y, Eu)sSigOss, and Na(Y,
Eu)sSigO0q (scarlet red) and Cay(Gd, Th)sSisOs (bright yellow).

Visible emission spectra of the above compounds under mercury 3130 A
excitation are as follows.! Three europium activated analogues of
oxyapatite gave almost identical spectra regardless of their matrix ele-
ments. The strongest line was observed in the vicinity of 6190 A, and
five medium lines were detected at approximately 7050, 6500, 6260, 5980
and 5850 A. The terbium activated analogue gave a completely different
visible spectrum; strong doublet lines were detected at 5475 A and 5525 4,
and four medium lines were observed at 6300, 5880, 4950 and 4890 A.

AnAarysis For HyproxvyL IoNs

The presence of OH in Cai;DyeSigOxu(OH), synthesized at 650°C, and 2
kilobars, was ascertained by infrared spectroscopy by Dr. Wilkins of
Harvard University. Its spectrum showed clear evidence of the vibra-
tion at 3540 cm~! while the anhydrous compound synthesized in air at
1050°C, presumably Ca;Dy3SisOs, did not show this absorption. A later
study of PbyNd;SisOs4(OH), and Pby2+PhyttNd4SisOs by the same method
gave similar results.

I Determination of the emission spectra was performed by Dr. L. Grabner at the
National Bureau of Standards.
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TaBLE 5. RESULTS OF HyO ANALYSES

H,0 analyzed temperature range

Theoretical
Formula — — 00
100-180°C  230-650°C 1050°C :
a. SI'4EI'GSiGOQ4 (OH)z — 0. 7% 0 o 9%
b. Ca4LUGSi6024(OH)z == 0. 8% 1 0%
c. SrYSig0::(0OH)2 — — 1.19, 1.19,
d. Ba,GdeSis024(0OH)2 — - 1.29, 0.879,
€y Mn;SrnGSiGOM(OH)z — = 0. 7% 1 0%
f. PbyNdeSigOs(OH), 0.23%, 0.659%, — 0.8%
g. Pb24+Pb42+Nd4Si6026 0. 03% 0. 04% — 0. 0%

Analyses a, b, ¢, d, and e were done by Mr. Ralph Paulson at the National Bureau
of Standards using a carbon-hydrogen analyzer at 1050°C. Analyses g and f were carried
out by Mr. W. Sabine at Harvard University, a micro-coulometric technique.

Results of the analyses for H,O are given in Table 5. All the hydroxyl-
apatites heated at 1100°C gave X-ray powder patterns indistinguishable
from those of the oxyapatite Mo?*Lng*+Sig0g. In the cases of lead or
manganese analogues, formation of oxyapatite could be accompanied by
oxidation of the cations to compensate for the loss of hydrogen; in other
cases where oxidation was not possible, valency compensation for the
loss of hydrogen was achieved by changes of cation proportion from the
original hydroxylapatites.

Differential thermal analyses' were also made on PbyNdgSigO2s(OH).
and Pb*,Pb?t,Nd,;SisO%. The former showed an endothermic peak at
350°C while the latter did not show any sign of dehydration. X-ray
diffraction powder pattern taken of the former sample after the experi-
ment showed the formation of oxyapatite indicating that the endothermic
peak was due to the dehydration of hydroxylapatite.

REesvurts anp DiscussioN

Compositional range, nomenclature and solid solubility. A large variety of
silicate and phosphate compounds having the apatite structure, includ-
ing some containing borate, were prepared (Tables 1, 2, and 3). Divalent
ions from Mg?+(0.66 A) to Ba*(1.34 A) can replace Ca*t. Monovalent
ions such as Lit and Nat can also replace Ca?*, but K+ can replace Ca*"
only partially. Valency compensation is achieved by introduction of
rare earth, lanthanum, yttrium or thorium ions.

! Differential thermal analysis was performed by Mr. E. M. Levin at the National
Bureau of Standards.
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Over sixty chemically different compounds which gave single phase
apatitic X-ray patterns have been synthesized. The unit-cell dimensions,
together with the conditions of the syntheses, are given in Tables 1, 2,
and 3. Unit-cell dimensions ¢ and ¢ of hydroxyl analogues are plotted in
terms of ionic radii of divalent cations and rare-earth ions in Figures 1 and
2 respectively. The natural minerals can be located in their approximate
positions in these diagrams according to the chemical compositions and
their unit-cell dimensions. Of the three natural minerals lessingite is the
closest to the end composition CasLasSisO2(OH),. Britholite and becke-
lite resemble lessingite but contain small proportions of the isomorphous
compounds Na(Ln,Y)Si0:(OH), and Caio(PO4)s(OH),. Abukumalite
is close to the end composition Ca,YsSigOsu(OH),.

Complete solid solubility exists between hydroxylapatite Caio(PO4)s-
(OH)., and CasYSig02(OH), (abukumalite), under hydrothermal con-
ditions (Fig. 5). Solid solution is incomplete between Caio(POy)e(OH),
and Ca;LagSisOs(OH), (lessingite) under the conditions I used, owing to
large differences in their unit-cell dimensions. A complete series be-
tween Srio(PO4)s(OH), and SryLagsSisOs(OH), is probable because of the
similar sizes of Sr and La.

The following solid solutions of oxyapatite based on 26 oxygens per
cell also have been investigated: CasYsSis0xe2CasYsPs0s, CaslasgSisOss
(_—)CB.Q;LazPGOQG, CangsiGO26(—_jY1oSi4B2026 and MgngsiGOQG(—_—')Ylosi4B2026.

Lajii4
LESSINGITE 9467
BECKELITE 946
Cel107 BRITHOLITE 9.61
. Ndjios
A Sm}1.00
Gd .97 ;
D Alulugﬂ:ll!l
i ) | .
Luigs
.80 99 12 120 1.34
Mn Ca Sr Pb Ba

IONIC RADII A (Ahrens)

Fic. 1. Chemical stability region of hydroxy-silicate-apatites: M*(Ln)3*SigO2%(OH),
in terms of ionic radii (Ahrens, 1952) of the divalent cations and lanthanides. Unit-cell
dimensions ¢ are given as contours. Natural minerals are plotted according to the approx-
imate chemical compositions. Pb analogues given in open circles do not fit the contours.
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114 Lalla4
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Y Y

89 Erl.89
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]_ BO 99 112 1.20 1.34
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IONIC RADII A (Ahrens)

Frc. 2. Chemical stability region of hydroxy-silicate-apatites: M+ (Ln)s**SigOsa(OH):
in terms of ionic radii (Ahrens 1952) of the divalent cations and Janthanides. Unit-cell
dimensions ¢ are given as contours. Natural minerals are plotted according to the approxi-
mate chemical compositions. Pb analogues given in open circles do not fit the contours.

The unit-cell dimensions have been plotted versus chemical compositions
and are given in Figures 6, 7, and 8.

Oxyapatite and hydroxylapatite. Unit-cell dimensions ¢ and ¢ of oxyapatite
are given in Table 2 and unit-cell volumes are plotted in Figure 3 in
terms of ionic radii of divalent ions and rare-earth ions. The chemical

La f1.14
- Nd | 104
A
Smiroo
Gd} 97
Dy | .92
VEr |39
Lu | 85
6,6 .80 A 113 120 134
Mg Mn Ca Sr Pb Ba

IONIC RADII by Ahrens A

Fr1c. 3. Chemical stability region of oxy-silicate-apatites: My** (Ln)s**SigOq in terms of
ionic radii (Ahrens 1952) of the divalent cations and lanthanides. Unit-cell volumes are
given as contours. Pb analogues in open circles did not fit contours.
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Fig. 4. Unit-cell volumes of Ca analogues of hydroxylapatites Ca,LngSigOu(OH): and
oxyapatites CayLngSi¢Os¢ versus ionic radii (Ahrens 1952) of lanthanides.
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F1c. 5. Unit-cell dimensions of solid solution series of apatite Ca,oPeOa(OH)s—CasVSis-
02:(OH), abukumalite.
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F16. 6. Unit-cell dimensions of solid solution series of CayYSigOus—CasYoPsOs.

stability region of oxyapatite is considerably greater than that of
hydroxylapatites (Figs. 1 and 2).

Unit-cell volumes of Ca analogues of hydroxylapatites and oxyapatites
are also plotted against ionic radii of rare earths in Figure 4, showing that
the series of hydroxylapatites and oxyapatites are different. Distinction
between the hydroxyl and oxyapatites was also clearly indicated by the
chemical analysis (Table 5) and infrared spectroscopy discussed in pre-
vious sections. Cockbain and Smith (1967) did not observe these dif-
ferences in their synthetic compounds, which probably are anhydrous.

The compounds synthesized by Trémel and Eitel (1957) are also prob-
ably oxyapatite because the present study has demonstrated that it is
unnecessary to postulate retention of water in the silicate compounds
synthesized in air either by solid-state reaction or by flame fusion at
high temperatures. These authors state that the role of water is uncer-
tain because of the difficulty in analyzing for small amounts of water.
X-ray data obtained by Tromel and Eitel are not identical with those
obtained from the present study or those given by Cockbain and Smith
(1967). Some differences are greater than can be accounted for on the
basis of errors in measurement.
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F16. 7. Unit-cell dimensions of solid solution series of CasLasSigOs—CasgLasPsOsg.

Chemical analysis of sodium lanthanum silicate oxyapatite, grown by
the tungstate flux method, gave LasO; 78 percent, SiO, 21 percent and
Na;O 1.6 percent (analysis by Rains and Ito). The formula derived from
this analysis Nag glag 65515400 is close to NaLagSigOs, suggesting a com-
pletely oxygen filled structure. In each synthesis of the same cation com-
bination, the resulting oxyapatites, except lead analogues, gave exactly
the same unit-cell dimensions, even though the cation ratio in the start-
ing mixtures varied. For instance, mixtures with empirical compositions
Ca,Y5Si5024(0)2 and Ca,YSis0x(0) after heating at 1250°C, gave iden-
tical unit-cell dimensions and X-ray diffraction intensities. The same
findings were reported by Cockbain and Smith (1967) with Ca-La
analogues. Their runs containing Ca and La with the ratio of 4:6, 5:5
and 6:4 gave nearly identical unit cells. I can not agree with their ex-
planation: “the lattice parameters of CasLag(Si04)¢OH and CagLas(SiOy)e
are virtually identical, since the substitution of La®** for part of the Ca?"
has expanded the lattice sufficiently for (OH)~ or F~ oravacancy to be ac-
commodated without strain.” We have clearly demonstrated (Fig. 4)
the differences between hydroxyl- and oxy-compounds. The above ob-
servations suggest that there is only one oxyapatite (Table 1 and 2, Fig.
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F16. 8. Unit-cell dimensions of solid solution series of CazY sSig0s—Y 10514B202s.

4) for each combination of cations, in which the loss of hydroxyl ion is
compensated by cation replacement, and that stabilized oxyapatite con-
tains 26 oxygens in each unit cell, as originally postulated by Korber and
Tromel (1932) and McConnell (1938).

Tt has lately been known that the simple rare-earth silicate, LnySizO1
(Ln=La, Pr, Nd, Ce, and Sm) (Keler, Godina and Savchenko, 1961;
Leonov, 1962; Miller and Rase, 1964), has the apatite structure. Kuzmin
and Belov (1965) reported that this apatite is cation-deficient oxyapatite
and suggested the formula Lag 3,SisOs. This interpretation fits well with
the results of the present experiments because unit cell dimensions of the
above compound ¢=9.72; ¢=7.18 are significantly larger than those of
NaLaySisOs% ¢=9.69; ¢c=7.17. It seems highly unlikely that the unit cell
of LagSisOy is larger than that of NaLa,SigOs%. The finding of cation-de-
fect apatite opens the wide possibilities of cation deficiency in silicate
apatites generally. Further investigation is indicated.
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F16. 9. Unit-cell dimensions of solid solution series Pbg Pbst+Y2Sig0s—Pha?+Y 3SigOss.

Pure calcium phosphate oxyapatite Ca;oPsOx on my interpretation
should not exist because the 26 oxygen sites must be filled for the apatite
structure. Indeed infrared examination showed a strong OH absorption
persisting in a synthetic apatite heated in air at 1100°C for 48 hours. If
oxygen deficient Ca oxyapatite exists, it was not found as an end member
of the salid solution series extended from the oxyapatites CasLngSigOs to
Cagln,PsOy (Fig. 6 and 7). However, should oxygen-deficient Ca
oxyapatite be stabilized by some mechanism, the extrapolated values of
the unit-cell dimensions as given in Figure 6 and 7 lead to predicted
values of cell dimensions of oxygen deficient Ca-oxyapatite of a=9.38
+0.01 A, ¢c=6.85+0.01 A.

Unit-cell dimensions of lead analogues of oxyapatite synthesized in
air vary depending on the rare earth to lead ratio and on the tempera-
tures of the synthesis. Deficiency of oxygen was at first suspected, but
that hypothesis was later discarded. The experimental data fit the exis-
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tence of a continuous series from Pby?+YSigOs% to Pbs>tPbs**Y,Sis0s
(Fig. 9). Valency compensation is achieved in part by oxidation of diva-
lent lead ions to higher valency. It has been found that the highly oxidized
compound is converted to the less oxidized compounds at elevated tem-
peratures due to evaporation or formation of a lead silicate accompanied
by partial reduction of lead to the divalent state. The compound Pby?t+-
YSisOs, containing only divalent lead is stable up to 1150°C and de-
composes to yttrium silicate and vapor at 1200°C. Compounds contain-
ing more lead, including oxidized lead, shrink in volume on heating at
temperatures over 1000°C, but melt before enough sublimation has
taken place to reach the stabilized end composition of Pby**(Ln,Y)sSisOs.

Presence of higher valency lead was tested qualitatively by dissolving
finely ground samples in 3N acetic acid solution containing potassium
iodide. Todine liberated by the reduction of Pb* gave intense orange-
vellow coloration to the solutions.

Oxypyromorphite described by Wondratschek (1963) as Pb;oPsOss and
lead oxysilicophosphate-apatite by Dietzel and Paetsch (1956) of sup-
posed formula Pb;SizP4Ou, were also resynthesized and identified as the
oxidized compound containing higher valency lead ions. The formulas
may be rewritten as Pbg*tPhy**Si,PsOy and Pby2tPh*tPsOs, respec-
tively.

The writer suspects that manganvoelckerite, a divalent manganese
bearing oxyapatite (Wickman, 1954; Mason, 1941), also may not be an
oxygen deficient apatite. Its dark reddish brown color and its relative
instability indicate the presence of higher valency manganese ions.

From the above results, the writer proposes the following general
formula, (M+M2M3M#H),,(Sitt Pi+B3)40y for well stabilized oxyapa-
tite in which both cation and anion sites are filled. The interpretation of
compounds studied in this paper does not require the assumption either
of oxygen deficiency or cation deficiency, and these substances can all be
explained by overall charge balance. Nevertheless, the possibility that
oxygen-deficient oxyapatite might exist has not been excluded, par-
ticularly under extremely unusual conditions or compositions. Cation
deficiency can also not be ruled out, in fact, cation deficiency is more
likely to be found than oxygen deficiency.

Steenstrupine. Chemical composition of steenstrupine (Strunz, 1942;
Machatschki, 1943) a complex alkali, alkaline-earth silicophosphate in-
dicates this mineral should be found within an isomorphous series from
Calo(PO4)6(OH)2(:)C3.4Lngsi6024(OH)zﬁN&zLﬂgSieOu(OH)z. NO distinc-
tive phase was found at the steenstrupine composition. Only a mixture of
the silicate apatite and monazite phases were observed under diverse
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conditions tried by the writer. Published X-ray powder data by Sabina
and Traill (1960) of the specimen from Kangerdluarsuk, Greenland, were
identified by the writer as a mixture of apatite and monazite. The hy-
drothermally recrystallized steenstrupine specimen from the same lo-
cality preserved at the Mineralogical Museum at Harvard University also
gave the X-ray pattern of a mixture of apatite and monazite.
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