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A B S T R A C T .  Unit-cell parameters of synthesized mem- 
bers of the crandallite (a = 7.007 A, c = 16.216 A)-goya- 
zite (a = 7.013 A, c = 16.650 A) series vary linearly with 
composition between end-members. Most members of 
the series consist of 0.1 #m platy crystals, but crandallite 
also contains some larger (1-5 #m) tapered crystals 
elongated along the c axis. 

With increasing Sr substitution the dehydroxylation 
temperature decreases from c. 475 ~ for crandallite to 
420 ~ at 20 mole ~ Sr, and then increases to 440 ~ for 
goyazite. Partial dehydroxylation of crandallite is accom- 
panied by contraction of the c unit cell parameter and 
expansion of a, thereby retaining an unaltered unit cell 
volume. The much greater sensitivity of c to both Sr 
substitution and dehydroxylation may be due to the 
rigidity of continuous sheets of AI(OH)402 octahedra 
which are parallel to the (001) plane in these minerals. 

M I N ERA L S of the p lumbogummi te  series [ (Ca, Sr, 
Pb,Ba,RE)A13(PO4)2(OH)5"H20 ] have been in- 
tensively studied by soil scientists in recent years 
since they may be a significant site of soil phos-  
phorus  (Norrish,  1968) and  because minerals  with 
composi t ions  similar to the Ca-rich member  cran- 
dallite are used as fertilizers (Doak et al., 1965; 
Hoare,  1980). Their  effectiveness as fertilizers is 
greatly improved by calcinat ion at  tempera tures  
between 450 and  650 ~ to produce  an  a m o r p h o u s  
dehydroxyla ted residue (Hill et al., 1950; Gilkes 
and  Palmer,  1979). The op t imum calcinat ion tem- 
pera ture  may  depend on the chemical  composi t ion  
of the mineral,  since publ ished thermal  analyses 
indicate tha t  the dehydroxyla t ion  tempera ture  of 
p lumbogummi te -g roup  minerals  is quite sensitive 
to composi t ion,  varying in the  range 400-655 ~ 
(Table I). 

This paper  examines the effect of chemical  
composi t ion  on  the unit  cell parameters  and  de- 
hydroxyla t ion  behaviour  of synthet ic  members  of 
the crandall i te  (Ca)-goyazite(Sr) series. O the r  
p lumbogummi te  minerals  were not  invest igated 
since only Sr subst i tu ted crandall i te  is used to 
produce  commercial  fertilizers (Gilkes and  Palmer,  
1979; Hoare,  1980). 

�9 Copyright the Mineralogical Society 

Materials and methods 

The method of synthesis used was that described by 
Slade (1974) which was in turn based on the work of 
Ignatova et al. (1965). The reaction is: 

6NaAlOz + 2CaC1 z + 2H20 + 4H3PO 4 
2[CaA13(PO,)z(OH)5H20 ] + 4NaC1 + 2NaOH 

Members of the isomorphous series crandallite [CaAI 3 
(PO4)2(OH)s.HzO ] to goyazite [SrAla(PO4)z(OH)5" 
H20]  were prepared by substituting various amounts of 
SrC1 a for CaC1 z. The resultant gels were crystallized in 
a stainless steel pressure vessel with a glass insert for two 
weeks at 200~ and 1.5 x 1 0  6 Nm -z. 

X-ray powder diffraction patterns were obtained 
with a Philips vertical goniometer with graphite- 
monochromatized Cu-K, radiation and scan speed of 
0.125 ~ 20/min. using a quartz internal standard. 

Transmission electron micrographs (TEM) were ob- 
tained with a Hitachi H U l l  instrument. Selected area 
electron diffraction (SAD) patterns were calibrated for 
spacing measurements with evaporated gold and for 
rotation measurements with MoO 3 crystals (Gard, 1971). 
Scanning electron micrographs were obtained on a 
Philips PSEM 500 instrument on gold-coated specimens. 

Thermogravimetric (TGA) and differentiated thermo- 
gravimetric curves (DTGA) were obtained on 10 mg 
samples in flowing air at a heating rate of 10 ~ 
using a Perkin Elmer TGS2 instrument, and DTA curves 
on 100 mg samples using a Stanton 673 instrument with 
the same conditions. 

Results and discussion 

X-ray diffraction. Crandal l i te -goyazi te  minerals  
were ma jo r  const i tuents  of all preparat ions .  Mino r  
amount s  of boehmi te  and  various s t ron t ium-  
subst i tu ted hydroxyapat i tes  were also found to be 
present. Because of the uncer ta in  assignments  of 
several reflections, uni t  cell d imensions  for the 
crandal l i te-goyazi te  series (fig. 1) were de termined 
solely f rom d values of the strong, well-resolved 
303 and  220 reflections ra ther  than  by least squares 
calculat ions based on  m a n y  reflections. This pro-  
cedure was also adop ted  by McKie  (1962) in his 
s tudy of natura l ly  occurr ing members  of the 
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TABLE I. Dehydroxylation temperatures of  plumbogummite-group 
minerals 

Dehydroxylation 
Mineral temperature (~ Reference 

CrsF%9Go4aGx6* 636, 655 McKie (1962) 
Crl 3Fc4aGoa9Gx 0 628 McKie (1962) 
Gorceixite 495, 550 Ankinowitch and Silantjewa (1959) 
Gorceixite 520 Rao (1966) 
CrrFcoGo3Gx91 580 Nicolas and de Rosen (1963) 
Cr6Fc0GoaGx91 500-700 Povondra and Slansky (1966) 
Crandallite 400 Hill et al. (1950) 
Crandallite 450 Gilkes and Palmer (1979) 
Crandallite 475 Doak et al. (1965) 
Crandallite 512 Cowgill et al. (1963) 
Crandallite 530 Blanchard (1972) 

* Cr crandallite; Fc--florencite; Go--goyazite; Gx--gorceixite. Composi- 
tions are mostly approximate and the examples of gorceixite and crandallite 
are not true end-members as they exhibit significant substitutions. 

t Approximate temperatures in some instances as DTA or DTGA peaks were 
partially obscured by dehydroxylation peaks of clay and other minerals. 

p lumbogummite  group. The c-axis dimension in- 
creased linearly with molar ~ Sr in the original 
gel and the a-axis dimension also increased slightly. 
The values of a = 7.007 A, c = 16.216 A for cran- 
dallite agree well with published data (Table II). 
The c-axis dimension of goyazite is substantially 
higher than published values for natural goyazite 
(Table II). This discrepancy is probably due to the 
substantial isomorphous substitution of Ca and 
other ions in natural goyazite specimens. 

McKie  (1962), on the basis of his study of 

T A B L E I I. Unit cell dimensions of  crandallite and 
go yazite 

a (A) c (A) Reference 

Synthetic crandallite 
7.007 16.216 
6.989 16.159 

Natural crandallite 
7.005 16.192 
7.003 16.166 
7.013 16.196 
7.000 16.194 
7.005 16.192 

Synthetic goyazite 
7.013 16.650 

Natural goyazite 
7.021 16.505 
6.981 16.487 
6.982 16.540 

This work 
Slade (1974) 

Blount (1974) 
Radoslovich (1969) 
Blanchard (1972) 
Mitchell and Knowlton (1971) 
Palmer (1979) 

This work 

Kato and Radoslovich (1968) 
Guillemin (1955) 
McKie (1962) 

naturally-occurring members of the plumbogum- 
mite group, showed that both the a and c unit-cell 
dimensions increased linearly with the average 
effective radius of the large cations (e.g. Ba, Pb, 
Ca, Sr). The straight line relationships derived by 
McKie have been adapted to the crandall i te-  
goyazite series and are plotted in fig. 1. The 
predicted slopes and values of the a and c axes for 
end-members are different from those which we 
have obtained. This discrepancy is probably mainly 
due to McKie's data having been derived exclusively 
from low-Ca specimens (no crandallite or near- 
crandallite specimens were included in his study), 
so that his linear relationships predict much lower 
values of a and c for crandallite than are observed 
(i.e. 6.927, 16.005 A compared to 7.007, 16.216 A 
respectively). 

The differences between the unit-cell dimensions 
of crandallite-rich members of the crandall i te-  
goyazite series and those values predicted by 
McKie's  relationships may be due to the small size 
of the Ca ion (r = 0.99 A) relative to the size of 
the twelvefold co-ordinated site which it occupies. 
The other cations that may occupy this site are 
much larger than Ca (Ce 1.16, Sr 1.13, Pb 1.20, Ba 
1.35 A) and may protrude more from within the 
co-ordinating anion sheets, as is discussed by 
McKie (1962) and Kato  and Radoslovich (1968). 
The relative invariance of the a axis compared to 
the c axis indicates a greater rigidity within the 
(001) plane, so that substitutions of large cations 
are mostly accommodated by expansion in the c 
direction. The continuous sheets o f  AI(OH)40 2 
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FIG. 1. The relationship between the hexagonal unit cell parameters (a, c, in A) for members of the synthetic 
crandallite-goyazite series and the mole ~ of strontium in the original gel. The broken line is derived from the 
relationship between cation radius and unit-cell size described by McKie (1962) for naturally occurring members of 

the plumbogummite group. 

octahedra that are parallel to (001) impart rigidity 
within this plane. In contrast, bonding of these 
sheets in the c direction is through weaker hydrogen 
bonds between the quite distantly opposed 
(OH)~O�89 apical anions [O(1) sites of Blount (1974)] 
of non-linked POa�89189 tetrahedra (i.e. the tetra- 
hedra do not share anions to form rows, sheets, or 
a framework) and the large 6(OH), 60  [i.e. O(3), 
0(2) sites] polyhedra surrounding the large cations 
(Ca, Sr, etc.). Blount (1974) points out that the Ca 
ion is too small to be equally co-ordinated with 
all twelve anions, resulting in distortion of the 
polyhedron and the lack of a preferred position 
for the Ca ion in the polyhedral cavity. The precise 
nature of the Ca co-ordination is uncertain since 
Blount's (1974) refinement of the crandallite struc- 
ture in space group R3m may be incorrect (Rado- 
slovich and Slade, 1980). 

Crystal sizes for members of the crandallite- 
goyazite series were derived from the Scherrer 
equation (Klug and Alexander, 1962) using 
measurements of the broadening of 220 and 303 
diffraction lines relative to a quartz standard and 
assuming that broadening was solely due to par- 

ticle size (fig. 2). These two reflections gave similar 
values of mean crystal thickness in different direc- 
tions within crystals. All Sr-substituted specimens 
were composed of much smaller crystals (c. 250/~) 
than the crandallite end-member (c. 500 ,~). 

Particle sizes were also calculated from BET 
nitrogen adsorption areas, assuming that uniform 
cubic particles of a single phase were present 
with a linear variation in density between end- 
members (2.9 g cm - 3 for crandallite, 3.2 g c m -  3 for 
goyazite). These sizes (fig. 2) were similar to those 
obtained from the Scherrer equation, showing 
closest agreement for low-Sr specimens, the calcu- 
lated sizes being about 50 ~ bigger for the high-Sr 
specimens. 

Electron microscopy. Two morphologically dis- 
tinct materials occurred in synthetic crandallite; 
1-5 pm tapered crystals which were frequently of 
triangular cross section, and aggregates of platy 
crystals with individual crystals of approximately 
0.1 #m diameter (fig. 3). The tapered crystals 
commonly grew out of aggregates of platy crystals, 
the long axes of the tapered crystals being normal 
to the plates. All Sr-substituted specimens consisted 
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FIG. 2. Crystal sizes of members of the crandallite goyazite series determined from the broadening of the 220 (o) 
and 303 (,) diffraction lines and from BET nitrogen adsorption areas (o). 

FIG. 3. Scanning electron micrograph of synthetic cran- 
dallite showing (A) tapered prismatic crystals, (B) parallel 
aggregates of platy crystals, and (C) tapered prismatic 
crystals growing perpendicularly from parallel aggregates 

of platy crystals. 

solely of 0.1 /~m platy crystals with occasional 
subhedral hexagonal shapes. 

The typical large tapered crandallite crystal 
shown in fig. 4 was elongated along its c* (i.e. c) 
axis with reflections on the a* axis (hh2hO reflec- 
tions) occurring in a direction normal  to the c* 
axis. The central part of the diffraction pattern 
consists of reflections of the type hh2h3n. Thus the 
(1 i-00) plane must be approximately perpendicular 
to the electron beam and nearly parallel to the 
surface of the Ewald sphere (Gard, 1971). The 
occurrence of reflections of the type h. h + 1- 2h + 1 �9 
3n--1 in a band that is approximately parallel to 
the a* axis and at distance of 1.04 A 1 from the 
a* axis indicates that the (100) plane was not  exactly 
perpendicular to the electron beam. The Ewald 
sphere intercepted the (h' h + 1- 2h + 1- 3 n -  1) reci- 
procal lattice plane which is parallel and adjacent 
to the a'c* plane and positioned 0.0825 A -  1 below 
it, The reflections in this plane do not  fall on the 
grid defined by the a'c* net because of the syste- 
matic extinctions of space group R3m. The points 
in the adjacent planes are displaced from each other 
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FIG. 4. Transmission electron micrograph and correctly 
oriented SAD pattern of a tapered prismatic crystal of 
synthetic crandallite and assignments of reflections to the 
h- h. 2h. 3n and h- h + 1- 2h + 1- 3n - 1 levels in reciprocal 

space. The crystal is elongated along its c axis. 

by d*(110)/2 (i.e. 0.143 A -  t) in the a* direction and 
d*(003)/3 = d*(001) (i.e. 0.0617 A -1) in the c* 
direction as is shown in fig. 4. The 1.04 A -  1 separa- 
tion of bands of reflections from parallel reciprocal 
lattice planes separated by 0.0825 A -  1 indicates 
that the crystal in fig. 4 was tilted about the a* or 
similar axis by about 4.5 ~ . Most large tapered 
crystals of synthetic crandallite gave similar SAD 
patterns. The small platy crystals which were the 
major component of all specimens were quickly 
dehydroxytated and contaminated in the electron 
beam and therefore did not diffract sufficiently 
strongly to give SAD patterns. However these 
crystals probably exhibited well developed (001) 
faces, as do similar but larger crystals in some 
natural crandallite specimens (Palmer, 1979). This 
interpretation is consistent with the orientation of 
the platy crystals normal to the c axis of those 
tapered crystals which nucleate from aggregates of 
platy crystals (fig. 3). 
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Slade (1974) observed tapered crandallite par- 
ticles in synthetic crandallite and considered them 
to be aggregates of acicular crystals whose long 
axes were perpendicular to the principal axes of 
the particles. By analogy with the habit of macro- 
crystalline crandallite from Duchess, Queensland, 
he argued that the particles consisted of aggregates 
of very small crystals whose a axes were parallel 
to the long axes of the particles and the c axes 
radiated out perpendicularly to the long axis. The 
micron-sized particles of synthetic crandallite 
depicted in Slade's paper appear to correspond to 
the tapered crystals investigated in this work which 
were synthesized according to Slade's procedure. 
If this is the case, the orientation of a and c axes 
within Slade's particles are the reverse of those 
postulated by that author. Radiating spherical 
aggregates of much larger acicular crandallite 
crystals have been described by Mitchell and 
Knowlton (1971) and Palache et  al. (1951) from 
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FIG. 5. DTA, TGA, and DTGA curves for crandallite 
and goyazite. 
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natural occurrences. The identification of axes 
agrees with that of Slade (1974), but the very 
different sizes of natural and synthetic crystals 
prevent direct comparison and point out the need 
for an electron optical examination of fragments 
of these natural macrocrystalline specimens. 

Thermal analysis. Dehydroxylation tempera- 
tures for crandallite-goyazite and the impurity 
boehmite were systematically higher for DTA 
measurements than for DTGA measurements. This 
displacement was probably due to the much larger 
volume of the DTA samples which reduced the 
rate at which evolved water diffused from the 
specimen (Mackenzie, 1970) (fig. 5). For all speci- 
mens two dehydroxylation endotherms occurred, 
a minor one at about 320 ~ associated with loss 
of about 15 ~ of the structural water, and a major 
endotherm at about 440 ~ where the remaining 
water was lost. These losses correspond to half a 
molecule and three molecules respectively of the 
total 3.5 molecules per formula unit and might be 
due to hydroxyls in discrete structural sites. 
Furthermore, the stronger endotherm and 
associated DTGA peak had an unresolved high- 
temperature shoulder that may also correspond to 
loss of hydroxyls from a distinct structural site. 

R. J. GILKES AND B. PALMER 

The weak endotherm at about 550 ~ for goyazite 
was due to the boehmite impurity. 

Dehydroxylation temperatures decreased with 
increasing Sr content up to Crs0Gozo and then 
increased for higher Sr contents (fig. 6). The larger 
crystal size of the crandallite specimen may 
have caused its dehydroxylation temperature to be 
higher and not directly comparable with the other 
specimens which were more nearly uniform in size. 
These results are generally consistent with the data 
for naturally occurring members of the crandallite- 
goyazite series (Table I) which, despite the wide 
range in dehydroxylation temperature reported for 
each mineral, are lowest for specimens with com- 
positions near to that of crandallite. Boehmite 
crystals were larger in the high-Sr preparations, 
which resulted in a higher dehydroxylation tem- 
perature for this mineral (Mackenzie, 1970). 

Subsamples of synthetic crandallite were heated 
for six hours in a muffle furnace at various tempera- 
tures between 250 and 600 ~ and then examined 
by XRD. Some (about 6 ~) crandallite persisted at 
temperatures up to 500~ although most (about 
80~) had dehydroxylated at 450~ to give an 
amorphous residue. Accurate unit-cell parameters 
were calculated by regression using twenty-three 
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FIG. 7. The relationship between the a and c parameters 
of the unit cell, the unit-cell volume, and calcination 

temperature for synthetic crandallite. 

reflections. The relationship between the a and c 
parameters of the unit cell, the unit-cell volume, 
and the calcination temperature are shown in fig. 7. 
Over this temperature range there was a 2 . 2 ~  
decrease in the length of the c axis and a 0.9 ~o 
increase in the length of the a axis, maintaining an 
almost constant unit cell volume of 684+ 2 A 3. 
The intensities of all reflections decreased with 
increasing calcination temperature and the widths 
of reflections increased, with the 006 reflection 
exhibiting the greatest broadening. 

The much greater change in the c direction is 
consistent with the greater sensitivity of this dimen- 
sion to St-substitution as was discussed earlier. The 
rigidity of the sheets of AI(OH)40 2 octahedra may 
be responsible for the structural reorganization of 
partially dehydroxylated crandatlite being mostly 
accommodated by contraction in the c direction. 
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