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So me co mpou nds isos truc tura l with ce rite have been synthes ized hyd rothe rmall y at te mperatures 
frolll 500 to 720 °C. T he co mpos itional ra nge fo r cerite, and its phase relation to the silicate apatites 
a re esta bli shed in te rms of ioni c radii of ra re·earth and diva lent ions. The proposed formula for cerite 
on th e basis of iso morphi s m with whitlockite, Ca3(P0 4)" is d iscussed. A so lid ·solution se ries be tween 
Ca" P(;024 - Ca,Mg2 P(;024 (whitJ ockit e - Mg-whitJockite) has been es tabli s hed. 

Key Words: Ca, Mg phosphate, hydrothe rmal synthes is, inorganic synthes is, min eral chemis try , 
ra re-earth s ilica te, x-ray powder a nalys is_ 

1. Introduction 

Durin g a study of sili cate apatites, a very wide 
compositional range fo r the cerite phase was found 
under hydrothe rmal conditions (1).1 Thi s range ad­

~j oin s that for the rare-earth sili cate apatites. Des pite 
I its early description , the rare- min eral cerite [2- 7], 

ing to the s pace group R3c [6]. X-ray powder diffrac­
tion data of Mg-La, Mg-Ho, and Co-La cerites a nd 
Mg-whitloc kite, M&! Ca7P60 24, were indexed and are 
give n in tables 2 and 3. 

from wh ich the ele ment cerium was di scovered , has 
I not yet been fully charac terized, because of the CO 'TI -

I 
plexity of its composition. In thi s p a per , therefore, I 
report th e co nditions for its for matio n and its co mpo­

I sitional range_ Recently Ke ppler [8] reported an iso-
structural re la tion be twee n cerite a nd whitlockite. 
I suspect that the maximum number of Mg ion s in 
Mg-whitloc kite may equ al the number of divalen t 
ions in cerite, consequently, the whitlockite - Mg­
whitlockite solid-solution series was also investigated 
and the res ults are given here . 

2. Results and Discussion 

Cerite was synthesized from hydrosilicates which 
were precipitated in the ratio MH: M3+ (i.e., rare 
earth): M4+ (i. e. , Si)= 2: 7: 6. The precip itates were 
centrifuged, washed, dri ed , and in so me ex perime nts 

l admixed with carbonates. The synthesis was completed 
. by hydrothermal heating at 2 kb ar and 550 10680 °C. 

Whitlockite was sy nthesized from s toichiome tri c 
mixtures, pre pared by th e s low evaporation of alkaline 
sol ution containin g calcium , magnesium nitrate and 
ammonium dihydrogen phosphate and heated in air 
at 1050 to 1120 0c. Experime ntal results are given in 
table 1 with the unit-cell dime nsions calculated accord-

I Figures in brackets indicate the lileralUre references a l the end of thi s paper. 

TABLE L Results of the synthesis of cerite, whitlockite and Mg­
whitlockite and the ullit. cell dimensions 

Fo mHila (te nt ative) Tem p °C Press ure Hour 

C01 La7Si6023(O Hh .. 
Co2 Cc;Si60 t3 (O H}" .. 
Co,Sm,Si,O,,,(OHh, .. 
Co2Dy1Si602.1(O Hh .. 

Fe,La,Si,O,,(OH}, .. 
Fe,Nd,Si,O,,(O H), .. 
rC2Sm7Si60t:I(O Hh .. 
Fe,Cd,S~OdOHk. 

\ 1nt LI,S i,;Ot:dO Hh .. . 
~ I n,Ce,S';O,,,{OH), ... . 
j\ l nt\lChSi,;fl2:I(O II }, .. 
\1 Il tSm7S i,iflt:,(O ll h .. 
\1 n,Gd,Si.;" .. . 
\ln2DY7S i(; II .. .. 
\ ln t Ho,Si,;II .. 

Mnl .5Ca,,~ La7Si601:,(OHh 
MnCa La1Si,; h" 

~1 nCaS miS i,; h •. 

Cot Ca7 P6 0 2.1 

CoCaij P60 H .. 
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a Cell dimensiun s nut measured. 
h Calion ratio in sta rting gel. 
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in air 
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20 
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20 
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20 
20 
20 

20 
20 
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20 
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10.77 
10.64 
10.62 
10.49 
10.47 
10.44 

cerite a 

10.58 
10.47 

10. 78 
ccril c a 

10.6 
. ccrite & apatite 

10.82 1 
cer ~t e a 

('enlc " 
ccrit e & other phasc 

10.88 1 
c'cri te a 

ce ritc & apa tit e 
ce ri le & apatit e 
apatite 

I 
apatit e 
apatit e 

cerite & apatit e 
apatite 
apatite 

10.31 
10.36 

10.45 

10.32 
10.34 

38.40 
37.63 
36.8 
36.64 
36.32 
35.92 

36.74 
36.34 

38.40 

36.8 

38.45 

38.5 

37.25 
37.24 

37.32 

37.2 
37.2 
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TABLE 2. X-ray powder diffraction data for synthetic cerites and magnesium whitlockite (C u Ka, Ni jilter) 

S pace group R3c, Hexago nal 

Formula Mg;~ La7S~02:I (OH h M g~ Ho7S i 60:.dOHh Co~ La7S i 6013(OHh 

Condi lion s 550 °C 2 kbar 550 °C 2 kbar .S50 °C 2 kbar 
a = 10.77t1 c= 38.40,\ (/ = 10.44,\ c = 35.92,\ (/ = 10.78,\ c = 38.40tI 

hkl d obs. 1/10 dubs. Ill, d obs. 1/1" 
0 12 8.378 3 8. 110 10 8.445 3 
104 6.66 1 3 6.393 5 I .. · ....... 
006 6.421 5 ...... 
11 0 5.376 20 5.217 20 5.440 15 
202 4.532 25 4.379 30 4.535 30 

018 4.273 30 4.026 60 4.275 20 
116 4.137 5 I · 
024 

10. 10 3.545 25 3.351 90 3.561 15 
122 3.466 60 3.479 40 

208 3.348 10 3. 193 60 3.353 !O 
214 3.304 30 3.316 40 

00.12 3.222 5 3. 12'1 5 
300 3. 112 25 3.019 50 3. 11 6 40 

02 .10 2.964 100 2.813 100 2.968 100 

128 2.859 20 2.728 30 2.848 20 
300 2.80 1 25 2.693 50 2.80 1 20 
220 2.69 1 50 2.608 60 2.698 70 

21,10 2.600 20 2.478 30 2.606 15 
3 12 2.547 3 

134 2.497 5 2.417 
20, 14 2.367 3 2.224 l.366 

042 2.327 5 
318 2.268 3 2. 18' 25 2.327 5 

30.1 2 2.23 1 20 2. 126 30 2.223 20 

13. 1G 2. 138 10 2.058 20 2. 144 8 
02, 16 5 2.140 10 

048 2.095 10 2.02 1 IS 2.099 15 
324 10 
410 2.063 10 

232 2.0 18 
40.10 ..... ....... .... . ............. ........ . . 
21.16 1.989 15 

238 1.953 40 
416 1.943 15 

0 1.20.3 114 1.884 10 
1.865 10 

502 1.857 10 
054 1.831 10 

1.812 3. 

330 1.794 5 
20.20 1.776 20 

30,18. 13.1 6 1.761 15 
508 1.737 3 

Cerite was not found in previous studies of rare­
earth oxides-sili ca sys te ms, Divale nt ions play an 
essential role in the formation of ce rite, The co m­
positional range of cerites and a part of that of apatites 
in terms of ionic radii of th e divalent ions and the 
rare-earth ions has bee n determined and is given in 
figure 1. It appears likely that the divalent and rare­
earth ion sites are ordered, and that no appreciable 
partial re place ment of rare -earth sites by divale nt 
ions takes place, Unit-cell dim ensions of the cerite 
chan ge only when the size of e ither the divale nt or 
th e rare-earth ion is c hanged , but not when the ratio 
of the amounts of two given cations in the source 
material is changed, A calcium end member of cerite 
phase does not exis t under the prese nt condition s, 
although the chemical a nalyses of natural cerite 
us ually show several percent of calcium. The Mn 
analogs are conve rt ed to Mn-apatite at tempera­
tures above 650 °C under 2 kbar H zO pressure, The 
tentative boundary fo r cerite apatit e conversion at 
550 °C under 2 kbar is drawn in figure 1. The reverse 

1.914 10 1.995 10 
1.888 15 1.958 40 
1.870 15 1.944 10 

1.797 20 1.871 

1.860 10 
1. 77 1 10 1.836 10 

1.737 10 1.799 5 
1.668 20 1.779 20 
1.657 

reaction has not been observed, possibly because I 
the reaction is too slow ; but it may be th at the equi ­
librium phase fi eld for apatite is larger than indi cated. 

All the analogs of cerite were conve rt ed into apatite I 
or apatite plus other phases after de hyd rat ion in a ir 
at temperatures above 900 °C. It was quite unexpected 
that the smaller rare-earth ions suc h as Dy or Ho 
also form cerite, because cerites found in nature 
contain exclusively large size rare-earth ions s uch I 

as: La, Ce, PI', Nd, and Sm, 
Magnesium replace me nt in whitlockite was limited 

at th e co mposition , CaiMgzPliOZ.'. S tarting material 
containing more Mg than corres ponds to thi s end 'l 
member gave an inferior whitlockite x-ray powder 
pattern without change in the unit-ce ll dimensions. 
With further in crease of Mg in the c harge, a second 
phase Ca:1Mg:, (PO.J ).J appears , Th e whitlockite solid­
so lution series is de mons trated in fi gure 2. Unit-ce ll 
dim ension s vary as a fun ction of Mg content. 

Only a parti al solid-solution series exists be t ween 
cerite a nd whitlockite despite their close isomorphis m 
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r ABLE 3. X-ray powder diffraction data fo r sy nthet ic Mg-whitLockite 
Ca7MgzP6024. (Cu Ka, Ni fi Lter; 11 50 °C in ai r) 

Space group R3c, Hexagonal. 

,, ~ 10 .3 1 A c~37.23A 

il kl d o bs. A I I I" deale. A 
012 8.05 20 8.04 
104 6.43 33 6.44 
ILO 5. 15 SO 5. 15 
202 4.333 20 4.337 

r 018 4. 130 20 4.126 

024 4.019 20 4.023 
10, 10 3.437 45 3.437 

211 3.358 IS 3.357 
122 3.3 16 20 3.304 
208 3.227 20 3.2 19 

214 3.160 75 3. 159 
300 2.972 30 2.973 

02.10 2.857 100 2.859 
128 2.730 30 2.73 1 
306 2.685 20 2.683 

11 .12 2.660 IS 2.659 
220 2.577 70 2.575 

01.14 2.525 15 2.55 I 
223 2.525 IS 2.52 1 

2l.l0 2.503 25 2.SOO 

226 2.384 10 2.378 
12.11 2.384 

l 315 2.347 IS 2.349 
10.16 2.250 10 2.:152 

I 

"i' 

1l.l 5 2.239 10 2.240 

404 2.169 20 2. 169 
30.12 2. 148 20 2.147 
21,14 2.093 10 2.089 

32 ] 2.039 10 2.D43 
232 2.034 

324 2.013 15 1.999 
048 2.012 

22.12 2.003 10 1.982 
11. 18 1.916 30 1.920 
40.10 1.913 

238 1.879 20 I.S73 
416 1.839 20 1.857 

01.20; 31.14 1.824 20 I.S23 
32.10 1.795 10 1.794 

502 1.762 10 1.776 

054 1.753 10 1.752 
20.20 1.719 30 1.7 19 
30.IS 1.700 15 1.724 

Mg Ni Co Fe Mn Co 
La 

~~. • 105 1 Ce o 0 0 

Nd 100 I 
0 Q • 

A I Cer i te Apa ti te I 
Sm a 0 a 0 Q • • 

95 1 I 
« d a • • 

I 
Dy X • I 90 
Ho , 

.65 67 .72 .7 7 .82 .99 

Mg N i Co Fe Mn Co 

I onic R ad i i A 

FI GU RE 1. Co mpositionaL stabiLity range of cerites . 
Ab!'(' is5a i5 the ionic radii (or divalent ca l ions g:i v(, 11 by \v.· ll s (1%2) 191. ordinate t!' rare· 

earl h radii J!:ivt'll hy Temple ton and Oau iwll (l9S4) [101· 

and c lose s tru ctural re la ti onship . Large fi e ld s of 
sta bilit y for ph osp ho-s ilico-apatites a nd monaz ites are 
prese nt be twee n th e two co mpounds under the condi ­
tions used in th e present ex perim ents . Limited solid 
so lutio n may ex te nd from one toward the othe r. The 

3 7.3 3.73 
c c 

° 
nm 

A 

37.2 
3.72 

1 0 .4 5 
1.045 

a a 

0 10 .4 0 1.040 
nm A 

10 .3 5 1.035 

10.30 1.035 

3600 3.6 

3 50 0 
3 .5 

V V 

;3 
3 400 3.4 

( n m)3 

3 3 3.3 

C07 Mg 2 P,.024 CosMg ,P6 0 24 C 0 9 P60 2 4 

C HEMI CAL CO MPO SITI O N 

F IGURE 2. W hitLockile an.d Mg-whitLockite soLid-solution. series . 
11Ii)'I'd ullidl 'n lifit·d pll<l 5o(,s. 

probable limits of so lid solution may be around 
CaMg2Ln 6Si5PO d OHh for cerite, and CaHLnP5Si024 
for whitlockite, but there is evid ence to indicate 
that the solid-solution limit is a fun ction of the s ize 
of rare-earth ion. 

Infrared absorption s pec troscopi c analysis by 
R. Wilkin s at Harvard University , showed abund ant 
hydrox yl ion (up to several perce nt) in th e synth e ti c 
Mg-La cerite possibly in two crys ta llographic s ites 
(3690 c m - I strong infrared line a nd 3660 c m - I medium 
lin e). Synthe ti c Ca and Ca-Mg whitlockite, however 
were show n to be a nh ydrous as originall y ex pec ted . 

Europium and terbium ac ti vation of Mg-G d an alogs 
of ce rite show typ ical red a nd ye llow vi sibl e e mi ss ion 
und er a me rcury Au oresce nt la m p, but their lumines­
cent inte nsities are much lower than those di s played 
by the s ilicate apatites [1]. 

F rom the results here presented , the formula 
M~ +Ln 7Si (iOdOHh see ms in best agree me nt with 
th e c he mical anal ysis, infrared a nal ysis, and synth esis 
of cerites . This formul a is essentiall y th e same as 
that given by Gay [6] and is iso morphous with Mg 
whitlockite exce pt for two additional hydroxyl ions . 
However , calcium and magnesium ions in cerite do 
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not seem to be distributed randomly within rare-earth 
sites as s ugges ted by Gay_ 

In the a bsence to date of a complete x-ray s tructure 
determination on cel-ite, the experimental results 
could be give n an alternative interpretation by the 
following formulas: 

M3+ Ln7Sh027 0H - H20 or M~+ LnsSi70 2s - 3HzO_ 
They correspond to that suggested by Keppler [8] 
for whitlockite_ The latter formula was also that given 
by Glass et aL [7] , from their extensive study on 
natural cerite from Mountain Pass, California_ 

Support by the Advanced Research Projects Agency 
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