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Abstract

Samuelsonite, (Bao.ﬂDo.ss)(Cao.AGDo.54)2(1\{[“(2)1—45FCgEoNaézs)qcasAlz(OH)2(PO4)l0’ mono-
clinic, @ 18.495(10), b 6.805(4), ¢ 14.000(8) A, 8 112.75(6)°, space group C2/m, Z = 2,is a
novel structure type related to apatite and octacalcium phosphate. R = 0.084 for 2571
independent reflections.

Samuelsonite, apatite, and octacalcium phosphate contain regions in their structures which
are isomorphic to each other. Beyond these regions, structural isomorphism ceases to exist.
The underlying unit is a column of composition [Ca,(PO,),;]. In samuelsonite, this unit is
fused by a screw axis to form double columns of composition [Ca(PO,),]; in octacalcium
phosphate, sheets are generated by inversion centers to form [Ca,(PO,),]; in apatite, the
columns form a framework of composition [Ca,(PO,)s]. A related column occurs in the crystal
structure of hanksite, Nay(CO;),ClIKNaySO,)].

Hypotheses are advanced for growth of apatite, whose central argument is the inherent
stability of the [Ca,(PO,),;] columns; disorder and calcium deficiencies in some apatites may

arise from the rotational disorder of the cylindrical dense-packing of the columns.

Introduction

Samuelsonite, (Ca,Ba)Fe* MnZ* CasAl,(OH)y(PO,)10,
is a new mineral from the famous Palermo No.
1 pegmatite, North Groton, New Hampshire. Moore
et al. (1975) noted that the species occurs in two
distinct paragenetic settings, the one as small lus-
trous prismatic crystals in cavities of whitlock-
ite-carbonate apatite-siderite rock, the other as large
(up to 4 cm) bladed aggregates in association with a
disintegrated phosphate pod (heterosite?). A structur-
al kinship to apatite was recognized which, in rela-
tionship with octacalcium phosphate, CagHy(PO,)s
-5H,0, adds interest to the species. In addition, the
complex crystal chemistry of samuelsonite did not
admit certain interpretation of its composition in
absence of knowledge of its atomic positions and
their populations, and structure analysis was neces-
sary to resolve these arguments.

Samuelsonite possesses a noteworthy structure, al-
lied to apatite and octacalcium phosphate. With its
structure at hand, we conclude this paper with some
speculations on apatite stability and advance an hy-
pothesis to rationalize fragmented units of the apatite
structure which are now known to persist in other
structure types.

Experimental section

A single crystal of samuelsonite was selected from
the type material and prepared for a three-dimen-
sional data set from a Pailred automated diffractome-
ter. We adopted the crystal cell data from Moore et
al. (1975) and summarize these results in Table 1.

Table 1 also outlines the experimental details of the
structure study. Owing to the thin and elongate habit
of the crystal, eight facets were selected to approxi-
mate a polyhedral shape suitable for absorption cor-
rection on the basis of a Gaussian integration method
(Burnham, 1966). Estimated errors of the intensities
(o) were calculated from o/ = S + *B where S =
peak scan counts, B = total background counts, and ¢
= ratio of peak to background times. For the reflec-
tions with /< 20,, we set I = ¢;. The ¢,’s were then
converted directly to the estimated errors in structure
factors.

There were 2571 independent F, available for
study, but we photographically estimated 19 addi-
tional reflections within the blind region of the dif-
fractometer and used these only for the Patterson
synthesis. The space group C2/m was checked for
centrosymmetry by the N(z) (Howells et al., 1950)
test on special projections and the P(y) (Srikrishnan
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TABLE 1. Samuelsonite. Experimental section

(A) Crystal Cell Data

a(d) 18.495(10)
b(/ﬂ\) 6.805(4)
c(d) 14.000(8)
B (degrees) 112,75(6)
C2/m

Space group
yA

Formula®

(Bag.y2,00.50) (Cao.ue,00.54) 2 (Mndtus,Fed¥a0,Nad?ps)

CagAlz (OH)2 (PO4) 10

p(cale, gm cm™?) 3.355
Specific gravity 3,353
u(em™ 1) 38.4

(B) Intensity Measurements

Crystal size (mm)

0.024 (]]|[101]), 0.150 (||[101]), 0.760 (|| [010])
10]

Crystal orientation ¢-axis = [0
Maximum sin6/A 0.70
Scan speed 1.0° min™!

Base scan width
Background counts

Radiation

Independent Fo 2571
(9]
R
Rw

Scale factor
Goodness of fit

3.8° (to 7.8° for manually scanned strong reflections)
Stationary, 20 sec at beginning and end of scan
MoK, (A = 0.709264), graphite monochromator

Refinement of the Structure

0.084
0.108
1.440(8)
5.03

*
From refined crystal structure.

TDefined as Ty||Fo|-|Fc||?/(n-m) where n =

number of parameters.

number of independent F's and m =

and Parthasarathy, 1970) test on general reflections.
These tests showed intensity distribution indicating a
centrosymmetric crystal. Throughout the study, there
was no reason to question the space group C2/m, and
the success of the structure analysis is adopted as the
test for its correctness.

Analysis of the structure

A three-dimensional Patterson synthesis, P(uvw),
revealed that most atoms were situated at y = 0 and
3 with some additional contributions at y ~ + }. The
mirror planes place severe restrictions on atom loca-
tions since b/2 = 3.40 A. Several models satisfied the
stronger vector densities of P(uvw), and we suspected
a strong homometric character of the analysis. De-

spite this impediment, a satisfactory solution was
found, attested by spherical contours on the trial 8-
synthesis (see Ramachandran and Srinivasan, 1970).
At this stage, it was possible to identify five independ-
ent [PO,] tetrahedra, an Al-O octahedron and five
independent metal positions. Least-squares refine-
ment followed by a y’-synthesis revealed two addi-
tional weak electron density distributions at ¥ !5 14
and 0.418, 0, 0.413.

Moore et al. (1975) obtained the cell contents
(based on ZO = 84) Ba, ¢oSre0sNa; 17Ca1720Mny 64
Fe; 04Als 06H 03P20.18054.00. Trial bond distance calcu-
lations suggested that the occupancy at 2 % % [called
X(1)] included a large cation, specifically Ba?*; and
that the occupancy at 0.418,0,0.413 [called X(2)] was
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probably partly occupied Ca**. In addition, X(1) or
X(2) can be at most only half-filled if both accom-
modate cations, since the distance X(1)-X(2) = 1.53
A. Appealing to the above composition of the crystal
(Table 1) we set X(1) = Ba?* and X(2) = Ca*". Two
metal positions, M(1) and M(2), define octahedral
edge-sharing chains, and their distances suggested
that the octahedra were occupied by the transition
metals. The remaining three positions, Ca(1), Ca(2),
and Ca(3), afforded distances typical for Ca-O.

In the next stage of the structure analysis we pro-
posed to vary the occupancies for X(1) applying the
scattering curve for Ba** and for X(2) with the curve
for Ca®*. The electron density distributions for M(1)
and M(2) were low for Fe** and Mn?*, and we as-
sumed that Na'* substituted at these sites. Since there
were no steric reasons for partial occupancies at the
centers of the octahedral chains, we concluded the
sites were fully occupied by mixed transition metals
and Na't. For M(1) and M(2), we applied scattering
curves for Fe?* and Na'*, varying their contribution
according to Finger (1968). The curve for Ca*" was
applied to Ca(1), Ca(2), and Ca(3); AI** for Al; P**
for P; and O'~ for O utilizing the scattering factors of
Cromer and Mann (1968).

At the final stage of refinement, one scale factor,

one extinction coefficient (Zachariasen, 1968), 2 site
occupancies, 2 scattering curve parameters, 59 atomic
coordinate parameters, and 130 anisotropic thermal
vibration parameters were varied. This corresponds
to a data-to-variable parameter ratio of about 13:1.
The refinement converged to the results in Table 1
where

= EHFO —|Fc||
3| Fyl

B [zw(lﬂ, —| )}
v ZulFl?

R

with w = 072 of F,.

The atomic coordinate parameters appear in Table
2; Table 3 presents the anisotropic thermal vibration
parameters, Table 4 the root mean square dis-
placements and their crystallographic orientations,
and Table 5 the structure factors.’

Discussion on the site population assignments is
now in order. The Ca(1), Ca(2), and Ca(3) positions
are essentially occupied by Ca**, and these sites are

' To obtain a copy of this table, order Document AM-76-037
from the Business Office, Mineralogical Society of America, 1909
K Street, N.W., Washington, D. C., 20006. Please remit $1.00 in
advance for the microfiche.

TaBLE 2. Samuelsonite. Atomic coordinate parameters*

Atom®t X y 2 Atom X y z
X(1) 1/2 1/2 1/2 P(3)  .1868(1) 0 .4461(2)
X(2)  0.4184(3) 1/2 0.4133(3) 0(7)  .2642(4) 0 .4304(5)

0(8)  .2037(4) 0 -5601(5)
M(1) 0 0.2376(2) 0 0(9)  .1403(3)  .1803(6)  .3901(3)
M(2) .0607(1) -0000 .2466 (1)

P(4)  .0772(1) 1/2 .1579(2)
Call)  AI0S(0D) g +1575(13 0(10) .0834(4) 1/2 .0516(5)
Ca(2)  .1163(1) 1/2 -4246(1) ol Ciersin V7 e 1 h
Ca®  =ZEBAL1) =2528/(2] -3058(1) 0(12)  .0278(3)  .3172(6)  .1594(3)
P(1) .1622(1) 0 .1046(2) _
0(1) -0751(4) 0 .0284(5) P(5)  .3665(1) 1/2 .1851(2)
0(2) .1634(4) 0 .2156(5) 0(13) .3192(4) 1/2 .2509(5)
0(3) .2054(2) .1838(6) .0947(3) 0(14)  .4539(4) 1/2 .2540(5)

0(15) .3467(3)  .3147(6)  .1131(3)
P(2) L4126 (1) 0 .3714(2)
0(4) .3386 (4) 0 .2716(5)
Sy e 0 o OH .2081(3) 1/2 -.0031(5)
0(6) .4087(3) .1810(7) .4352(4) Al i 174 i

*
Estimated standard errors refer to the last digit.

+The refined site populations and their proposed ionic species are X(1) = 0.42(1)Ba2+ ++0.58(1)D,
X(g} = 0.46(1)Ca%* + 0.54(1)0, M(1) = 0.59(1)Fe2* + 0.41(1)Nal*, and M(2) = 0.90(1)Mn2* + 0.10(1)
Na*™.
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TABLE 3. Samuelsonite. Anisotropic thermal vibration parameters (X10*) and equivalent isotropic
thermal vibration parameters*

Atom B11 B22 B33 Bi2 B13 B23 B(X2)
Al 9.3(7) 48.5(43) 12.7(13) -2.3(15) 6.8(8) -1.5(19) 0.87
X(1) 28.2(11) 67.1(44) 111.2(32) 0 25.9(15) 0 3.91
X(2) 16.7(15) 72.9(81) 26.5(27) 4] 7.1(15) 0 1.71
M(1) 12.4(6) 58.0(33) 14.8(9) 0 6.1(5) 0 1.15
M(2) 10.1(5) 172.8(42) 20.1(9) 0 8.7(5) 4} 1.82
Ca(l) 10.56(6) 58.6(29) 18.5(9) 0 7.1(5) 0 1.14
Ca(2) 11.5(6) 52.1(28) 18.5(9) 0 6.5(5) 0 1.16
Ca(3) 17.4(5) 52.4(23) 20.4(7) 1.9(8) 10.6(5) 1.3(9) 1.37
P(1) 9.0(6) 45.7(35) 13.9(11) 0 6.9(6) 0 .87
0(1) 9.4(19) 78.2(114) 20.7(36) 0 6.5(22) 0 1.28
0(2) 14.0(21) 89.7(119)  14.3(33) 0 10.4(22) 0 1.29
0(3) 10.5(13) 48.5(69) 21.2(24) -6.0(25) 10.2(15) 2.8(34) 1.06
P(2) 9.7(6) 70.4(4) 15.4(11) 0 6.7(7) 0 1.10
0(4) 9.2(19) 55.0(102)  16.5(3) 0 5.5(20) 0 1.04
0(5) .10.4(21) 134.8(140) 15.2(34) 0 6.1(22) 0 1.54
0(6) 17.6(16) 112.3(94) 22.5(26) -5.3(33) 11.7(17) -16.6(43) 1.77
P(3) 11.8(7) 49.7(35) 12.5(11) 0 7.4(7) 0 .98
0(7) 12.6(21) 96.4(123) 17.6(34) 0 7.1(23) 0 1.44
0(8) 24.8(27) 73.8(117) 9.8(32) 0 9.9(24) 0 1.58
0(9) 17.5(16) 85.3(85) 14.4(23) 15.2(31) 5.3(16) -0.8(38) 1.56
P(4) 9.8(7) 55.3(37) 14.0(11) 0 6.4(7) 0 .99
0(10)  12.1(22)  124.8(136)  16.0(35) 0 9.0(23) 0 1.51
0(11) 14.5(22) 74.5(116) 18.5(35) 0 8.1(23) 0 1.39
0(12) 13.2(14) 74.3(80) 23.1(25) -1.2(29) 8.7(16) 2.4(38) 1.43
P(5) 10.4(7) 43,8(35) 14.5(11) 0 6.6(7) 0 195
0(13)  20.1(24) 42.5(102)  19.0(34) 0 14.0(24) 0 1.31
0(14) 13.9(23) 106.2(129) 19.7(38) 0 -0.5(24) 0 1.82
0(15) 10.6(13) 56.7(72) 13.9(21) 1.7(26) 5.Z£14) -0.0(33) 1.04
OH 9.0(18) 25.9(91) 19.9(33) 0 9.6(21) 0 .84

*
Estimated standard errors refer to the last digit.
the expression exp—[By1h? + B8y,k? + B3322 + 2815hk

The Bij terms are coefficients in
+ 2B13h% + 2Bp3k2].

filled, as inspection of the root mean square dis-
placements and bond distances will demonstrate. The
same evidence indicates that Al (=Al**), (OH)~ and
the five nonequivalent {PO,) tetrahedra fully occupy
Utheir sites and that no substitutions occur to any
significant extent by other ionic species. The positions
X(1) and X(2) converged close to half-occupancy at
each site, which is required on steric grounds. The
X(1)-0O distances clearly indicate that Ba* is seques-
tered at this site. M(1) and M(2) are problematical,
since we assumed Na'* substitutes at these sites and
that the sites are fully occupied. To achieve full occu-
pancy (indicated by the thermal vibration parame-
ters) we had to ascribe Na'* to these sites. A chemical
analysis on a Na-poor samuelsonite from a different
location in the pegmatite (see Moore et dl., 1975)
indicated 8.31 atoms of (Fe** + Mn?*") in the cell,

suggesting that M(1) and M(2) are completely occu-
pied by transition metals for that crystal. Including
Na'*, its cell contains 8.51 atoms of (Fe** + Mn?** +
Na'"). The material from which the single crystal was
selected for this study afforded 8.04 atoms of (Fe** +
Mn?* + Na't) (see aforementioned formula). These
observations support the proposition that Na'* is
distributed over M(1) and M(2) sites. Since the scat-
tering curves for Fe?* and Mn?* are practically in-
distinguishable, we assumed that Mn?* occupies the
larger M(2) site on the basis of a M-O bond distance
average of 0.11 A greater than M(1).

The contents of the formula unit for samuel-
sonite are presented in Table I, and it is seen that
the results from the structure analysis do not seri-
ously depart from the results of the electron probe
analysis. We suggest an ‘‘end member” formula
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TABLE 4. Samuelsonite, Parameters for the ellipsoids of vibration*

Atom i pi(x10%) 8ia fib 8ic Atom i opi(x102) 8ia Bib Big Atom i opi(x102) 8ia 8ib Aip
Al 1 12.3 46 110 71 Q(2) 1 14.7 38 90 75 P(4) ]! L2255 41 90 72
2 8.5 134 95 22 2 7.8 128 90 i1'S 2 9. .7 131 90 18
3 10.4 101 159 101 3 14.5 90 180 90 3, 11.9 90 180 90
X 1 30.8 98 90 14 0(3) 1 4.3 60 97 53 0(10) 1 17510 90 0 90
'd 75 90 0 90 2 T2 1377 126 59 2% 9115 133 90 20
3 19.5 172 90 75 3 121 62 143 122 3 13.8 137 90 110
X(2) 1 16.0 168 90 56 P(2) 1 12.8 90 0 90 0(11) 1 14,7 29 90 83
2 13.1 90 0 90 2 10.0 139 90 26 2 117 119 90 7
3 14.9 101 90 146 o 12.4 31 90 116 3 13.2 90 180 90
M(1} 1 1885 20 90 92 0(4) I 12.0 62 90 511s 0(12) 1 14.6 57 86 55
2 10.8 110 90 2 2 11,1 152 90 39 2 1P 134 122 44
I3 11.7 90 180 90 3 11.4 90 180 90 3 13.6 61 147 114
M(2) 1 20.1 90 0 90 0(5) 1 17.8 90 0 90 P(5) 1 12.6 39 90 73
2 10.0 153 90 41 2 10.6 127 90 14 F4 10.0 129 90 17
3 13.6 116 90 131 3 1255 143 90 104 3 10,0 90 180 90
Ca(l) 1 13.0 58 90 55 0(6) 1 18.0 68 137 67 0(13) 1 17.5 35 90 78
i 11.1 148 90 34 2 10.8 118 67 24 2 9.5 125 90 12
3 1907 90 180 90 3 15192 143 124 83 -] 10.0 90 180 90
Ca(2) 1 b83i1 39 90 74 P(3) 1 13.3 32 90 80 0(14) 1 17.8 153 90 40
2 11.1 90 ] 90 2 8.8 122 90 10 2 11.3 63 90 50
3 12.0 51 90 164 3 10.8 90 180 90 3 15.8 90 180 90
Ca(3) 1 16.2 33 85 80 o(7) 1 15.0 90 0 90 0(15) 1 12.7 32 70 87
2 11.0 86 175 90 2 11.6 122 90 9 ' 10.3 119 78 14
3 11.7 58 89 170 3 13.7 148 90 99 3 11.4 102 24 104
P(1) 1 12.1 49 90 63 0(8) 1 19.2 17 90 96 OH 1 13.8 65 90 47
2 8.7 139 90 2.7 2 7.6 107 90 6 2 7.8 90 0 90
3 10.3 90 180 90 3 13 90 180 90 3 8.2 24 90 137
o) 1 13.5 90 0 90 0(9) 1 18.5 35 55 106
2 11.3 173 90 60 2 10.7 110 64 26
3 13.2 97 90 150 3 11.7 117 46 109
i = i-th principal axis; wi = r.m.s. amplitude; 6ia, 6ib, 6ic = angles between i-th principal axis and the cell axes a, b and c.

(Ca,Ba)Fei*Mni"CasAl,(OH),(PO, )1, Z = 2, where
X(1), X(2) = (Ca,Ba); M(1) = Fe?*, M(2) = Mn?*,
Ca(l) = Ca(2) = Ca(3) = Ca?.

Description of the structure

Owing to a remarkable relationship with the apa-
tite structure type and to important implications in
the apatite crystal chemistry, we shall discuss the
samuelsonite structure in considerable detail. Sam-
uelsonite is yet another example of an exotic and rare
mineral species whose structure admits some infer-
ences and speculations on another more persistent
and important structure type.

The samuelsonite crystal structure is very complex
(Fig. 1) but with a careful choice of shading and
combined use of polyhedral and spoke diagrams, it
can be fairly easily visualized. The most pronounced
feature is a double column of apatite structure which
conserves to a remarkable degree a fragment of the
apatite structural topology and geometry. To prop-
erly introduce the problem, a few remarks about the
apatite structure are appropriate.

Despite the extraordinary persistence of the apatite
structure type, from the standpoint of its myriad
isotypes and of its bioinorganic as well as inorganic
importance, its structure does not easily submit to
any simple topological classification. Its closest affin-
ities can be found with the bracelet and pinwheel
structures described by Moore (1973). Included here
are glaserite, KNaK,[SO,],, Na,[SO,] (IT), room tem-
perature K,[SO,]; silicates like merwinite,
Ca;Mg[SiO,],, larnite, 8-Ca,[Si0,], and bredigite,
(Ca,Ba) Ca;3sMg,[SiO,]s; phosphates like Bas[PO,],,
NaCa[PO,], and brianite, Na,CaMg[PO,],; and the
phosphate-silicate silicocarnotite, Cas[PO,]:[SiO,]
which is a hybrid structure between apatite and glase-
rite (see Dickens and Brown, 1971, for a detailed
description of this structure). Wondratschek (1963),
in a study on pyromorphite, has established a formal
relationship between the apatite and glaserite struc-
tures.

The underlying principle of the apatite structure is
a pinwheel comprised of Ca(1) atoms along the trigo-
nal axis at 1/3 2/3 z (and 2/3 1/3 Z), which is sur-
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FI1G. 1. Diagram of the samuelsonite crystal structure down the b axis. The M(1)-O and Al-O polyhedra are stippled. X(1)-0, X(2)-0,
M(2)-0, Ca(1)-0, and Ca(2)-O bonds are drawn as dashed lines. The P-O bonds are drawn as solid lines, and the Ca(3)-O bonds as
solid bold lines. Labeling of the atomic positions conforms with Table 2. Note that some equivalent atoms have been omitted to better
express other features of the structure. Some heights are given as fractional coordinates along b.

rounded by six linking [PO,] tetrahedra. The core of
the pinwheel is the Ca(1)O, polyhedron which can be
visualized as a distorted cuboctahedron (classified as
F'*?! in Moore, 1973) with three vacant meridional
vertices (Fig. 2b). In many respects, this polyhedron
is similar to the more regular [BaO,] polyhedron in
BaAl,O, which, like apatite, lacks three meridional
occupancies. Continuous rotation of the top and bot-
tom triangular faces leads to the X277, 0 < p < 6,
polyhedron which is the basis of the pinwheel struc-
ture classification of Moore (1973). The value of p
determines the number of missing meridional vertices
on the polyhedron. Equivalent Ca(1)O, cores in apa-
tite are fused by face-sharing of the trigonal faces to
form a column which runs parallel to the ¢ axis. This
column, with circumjacent tetrahedra, has formal
composition [Cay(PO,)s]** . The 2, screw operations

link symmetry equivalent columns together to form
the apatite framework, which has the formal cell
composition [Ca,(PO,)s]* . The structure is com-
pleted by the addition of [Ca(2)O«OH)] polyhedra
of irregular coordination (described as distorted pen-
tagonal bipyramids) at positions x y % etc., resulting
in the cell composition Cas(OH).[Ca(PO,)]. It is
convenient to formulate apatite this way since the
[Cay(PO,)s]"~ column is also the key feature of the
samuelsonite structure, which is in fact a fragmented
apatite.

In samuelsonite, the [Cax(PO,)s]"~ column is
fused by a 2, operation to an equivalent column
to form a double column with formal composition
[Ca,(POL) 2. If extracted from the samuelsonite
structure, it can be compared with good coincidence
to a double column extracted from apatite (Fig. 3).
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Beyond the double column, the structural analogy
between samuelsonite and apatite breaks down. This
can be seen if the peripheral Ca(2) positions in apatite
are superimposed on those of samuelsonite (Fig. 4).
In the latter compound, the remaining X(1), X(2),
M(1), M(2), Ca(l), Ca(2), and Al positions must be
considered. Piecemeal direct comparison of their
spoke diagrams in Figure 5 reveals that only Ca(2) in
samuelsonite possesses the same kind of environment
as Ca(2) in apatite. The M(1) position in samuel-
sonite is approximately situated along the line (0 0 z)
in apatite, but the Al position bears no obvious rela-
tionship to an apatite component.

Turning back to Figure 1, it is seen that the
[ Cay(PO4 )0 1?~ double column is interrupted at z = 0
by a barrier of edge-sharing M(1)O, octahedra
and corner-sharing A{OH),0, octahedra forming
A[M(1)0O,] and £[AI(OH)O,] chains which run paral-
lel to the b axis. The remarkable feature of the
+[AI(OH)O,] chain and its circumjacent linking tetra-
hedra is that it belongs to the 7 A octahedral corner-
sharing chain structures classified by Moore (1975).
Thus, samuelsonite, owing to its b = 6.80 A repeat, is
a hybrid structure, sharing qualities of apatite and the
7 A chain structures (such as childrenite-eosphorite,
amblygonite, laueite, efc.). In fact, the isomerism of
the 2[AI(OH)O,] chain is of the VI type, i.e., that
found in the structure of jahnsite (Moore and Araki,
1974).

At x = 0 and §, another barrier is recognized which
further isolates the [Ca (PO,),]**~ double column.
Here are located M(1) and X(1); and on either side
M(2), X(2), Ca(l), and Ca(2). Although Ca(2) in
samuelsonite is isomorphic to Ca(2) in apatite, X(1)
and X(2) occur as partly occupied disordered sites,
and M(1) and M(2) as distorted octahedra populated
by solid solutions of Fe** and Mn?* with Na'*.

With these facts at hand, it seems plausible to state
that the [Ca,(PO,),J**~ double column is a stable
entity, an argument which will be subsequently em-
ployed as a vehicle for a model toward under-
standing, on structural grounds, the precipitation,
nucleation, and growth of apatites; and that the
Ca(2) positions in apatites are capable of severe dis-
tortions and departures from their ideal loci in the
apatite fragmented structures. In other words, the
[Cay(PO,)e]"*~ column is the template for growth of
apatite-like phases and dictates the loci of other cat-
ionic species, which evidently are capable of a variety
of highly irregular coordinations.

Is it possible to conceptualize a structure which
consists of fragmented apatite units such that isolated
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F1G. 2. Relations among the F'*?(a), twisted F''?(b), I'*?(c), and
X'%(d) polyhedra involving movements about an axis normal to
the top and bottom triangular faces.

single columns of [Cay(PO,)s]**~ occur? This arrange-
ment can be easily constructed by taking a column in
samuelsonite and its linking $[A1(OH)O,] chain and
orienting the former along the trigonal axis at 1/3 2/3
z and the latter along a 2,-screw in the P6;/m cell.
The result is an elegant structure in Figure 6. Sur-
rounding the 3-fold axis at 0 0z is a large cavity of ca.
6.5 A free diameter, and presumably the periphery of
this cavity would accommodate the remaining cat-
ions of irregular coordination. The cell has dimen-
sions @ ~ 15, ¢ ~ 6.8 A, space group P6;/m and
contains X" Als(OH)e[Ca(PO,),,] where the X spe-
cies are the irregular cations. Depending on the
charge of X and exploiting the possibilities of partial
disorder and irregular coordination, many possi-
bilities are open for accommodating these remaining
cations. Incidentally, we have been searching for such
a compound in paragenetic settings akin to those
observed for samuelsonite. Such crystals would
strongly mimic apatite, and on the basis of cell geom-
etry, we would expect them to occur as acicular hex-
agonal prisms.

It is advantageous to relate the three structures
crystal-chemically through expressing their formulae
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SAMUELSONITE

APATITE

o+l

F1G. 3. Isomorphism of the double column in samuelsonite with a fragment of the apatite framework. The origins of the cells refer to
samuelsonite (a,¢) and apatite (a,,a,) respectively. For apatite, the circumjacent Ca(2) loci are indicated as solid disks, Heights are given in
fractional coordinates along & in samuelsonite and ¢ in apatite, Note the z coordinate has been shifted +# for apatite.

a
oM(1)tYa—» : [Alt'/4
+/2
c/ e}
+0
Ca{l)+0
®
+0
O. M(2)+0 (i' 1/4
@zt
oCal2) +% K21+
O+'/2 O+l
farely o X(I)+
+0
QC0(2)+O

FiG. 4. Comparison of the loci of Al, X(1), X(2), M(1), M(2),
Ca(1), and Ca(2) atoms in samuelsonite (solid disks) with Ca(2) in
apatite (open circles); and Ca(3) in samuelsonite (solid square)
with Ca(1) in apatite (large open circle). The samuelsonite origin is
indicated as well as some of its screw axes. Heights are given in
fractional coordinates along » in samuelsonite and ¢ in apatite.
Note the z coordinate has been shifted +4 for apatite.

by emphasizing the pinwheel columns in brackets.
These formulae would be:

Apatite Ca,(OH), framework
[Cay(PO,)s) columns

Samuelsonite (Ba, [ 1)(Ca,[]),
(Fe,Mn,Na), double
Ca,Al,(OH), column
[Cay(PO,)1o]

Hypothetical X3t Alg(OH), single
[Ca(POy)1,) column

To test for the stability of such a hypothetical struc-
ture, either through attempted synthesis or through
search for a natural crystal, is a project of utmost
interest, for the existence of such a compound will
add further support to the template model of apatite
growth proposed further on.

Bond distances and angles
The M(2)-, X(2)-, Ca(1)-, and Ca(2)-O distances
are compared with those for the Ca(2) (OH)O; poly-
hedra in apatite in Figure 5. The apatite distances
were calculated from the parameters of Sundarsanan
and Young (1969) obtained on a Holly Springs hy-
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SAMUELSONITE
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F1G. 5. Bond distances for M(2)-O, X(2)-0, Ca(1)-O and Ca(2)-O for samuelsonite compared with Ca(2)-O for apatite.. The apatite
Ca(2)-O orientations were made to conform with the cell orientation (, c) of samuelsonite. Heights are given the same meaning as Fig. 4.
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FiG. 6. The hypothetical X2+ Al{OH),[Ca,(PO,),,) structure, showing the Ca~O bonds, the circumjacent P-O bonds and the AI-O

polyhedra. The cell is based on space group P6,/m.

droxylapatite. In this diagram, the Ca(2)(OH)Os
bonds are oriented in such a way that the positions
are compatible with Figure 4. The remaining dis-
tances are listed in Table 6, as are the O-Me-O'
angles for the AI(OH),0,, M(1)Oq, M(2)O,, and PO,
polyhedra. Differences between Ca(3) in samuel-
sonite and Ca(1) in apatite range up to 0.10 A for the
Ca-O distances and up to 0.30 A for O-O' edge
distances (see Fig. 7). A range of 0.13 A difference in
Ca(2)-O distances is noted between the Ca(2)O, poly-
hedra in both structures.

Coordination numbers proposed in this study in-
clude Al'®, X(l)“', X(2)15|, M(l)"”, M(Z)'G], Ca(l)”’,
Ca(2)'¢*1, Ca(3)'**®. The coordination numbers for
X(1) and X(2) are low for such large cations and
probably reflect their disordered nature. Distance av-
erages are Al-O 1.88 A, M(1)-O 2.17 A, M(2)-O
228 A, X(1)-0 2.68 A, X(2)-0 2.34 A, Ca(1)-O
243 A, Ca(2)-0 2.44 A, Ca(3)-O 2.41 A (6 inner
bonds) and 2.79 A (3 outer bonds). The P-O averages
range from 1.52 to 1.54 A. The distances are com-
patible with averages for these cations of similar
coordination numbers found in other crystals. In
hydroxylapatite, the Ca(1)-O distances are 2.43 A (6
inner bonds) and 2.80 A (3 outer bonds), which com-
pare favorably with Ca(3)-O in samuelsonite. The
Ca(2)-0 2.47 A average distance in hydroxylapatite
is similar to those for Ca(l) and Ca(2) in samuel-

sonite. Shannon and Prewitt (1969) suggest Ca-O
2.47 A for seven-coordinate Ca?*.

One hydrogen bond is proposed for the samuel-
sonite structure, OH ... O(10), with a distance of
2.70 A. Considerations of coordination number and
the. hydrogen bond permit the assessment of elec-
trostatic valence bond sums of cations about anions
(Table 7). In this study we adopt the notation of Baur
(1970). For the calculations, X(1), X(2), M(1), and
M(2) were treated as divalent species, and the coordi-
nation numbers ascribed are those suggested earlier.
Bond strengths for the outer bonds of Ca(2) and
Ca(3) are distinguished parenthetically. According to
this model, the maximum deviations from saturation
(p. = 2.00) are £0.22 e.s.u. Deviations in bond dis-
tances from the polyhedral averages tend to conform
with deviations in neutrality except for O(6) and OH.
It is possible that some OH™ is replaced by F~, but
owing to the small quantity of material, we cannot
test this. It is noted, however, that irregular coordina-
tion polyhedra in samuelsonite do not admit certain
ascription of coordination numbers, so the valence
bond sums are only approximate.

Formation of apatite: an hypothesis

Owing to the important role of apatite and apatite-
related phases in bioinorganic chemistry, consid-
erable effort has been directed toward elucidating
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TABLE 6. Samuelsonite. Polyhedral interatomic distances and angles*

Al X(1) P(4)
2 Al -OH 1.863 4 X(1)-0(6) 2.684 1 P(4)-0(11) 1.504
2 -0(3) 1.867 2 -X(2) 1.529 1 -0(10) 1.536
2 -0(15) 1.926 2 -0(12) 1.548
average 1.885 Hydrogen Bond average 1.534
. OH---0(10) 2,698
0-A1-07"(") P(1) 0-P(4)-0"
200 -0(3) | 2.561 86.7 2 P(1)-0(3) 1.519 2 0(10)-0(12) . 2.466 106.2
20H -0(15)iv 2.603 86.8 1 -0(2) 1.546 1 0(12)-0(12)111 2.487 106.9
2 0(3) -0(15)iv 2.677 89.8 1 -0(1) 1.552 2 0(11)-0(12) 2,518 111.1
2 0(3) -0(15) 2.688 90.2 1 0(10)-0(11) 2.563 114.9
208 -0(3)1V 2,712 93.2 avgzage b
20H -0(15) 2.754 93.2 average 2.503 109.4
average 2.666 90.0 0P (1)=0"
- P(5)
2 0(2)-0(3) 2.459 106.7
M(1) 1 0(1)-0(2), . 2.495 107.3 1 P(5)-0(13) 1.519
1 0(3)-0(3)1il 2.502 110.9 1 -0(14) 1.536
2 M(1) -0(1) 2.067 2 0(1)-0(3) 2.551 112.4 2 -0(15) 1.551
z -0(12 2.157
3 -OEIO% 2.286 average 2,503 109.4 average 1.539
average 2.170
P(2) SO nts
0M(1)-0"
ZMLI=0r 1 P(2)-0(5) 1.511 1 0(13)-0(14) 2.474 108.2
1 -0(4) 1.533 2 0(13)-0(15) . 2.517 110.1
2 0(10)-0(12) ;-ggt’; ?;-4 2 -0(6) 1.539 1 0(15)-0(15)11i 2.521 108.7
1 0(1) -0(1)V . -1 2 0(14)-0(15) 2.527 109.9
1 0(10)-0(10)V 2.856 77.3 average L1551
2 0(10)-0(12)Vv 3.131 89.6 average 2.514 109.5
2 0(1) -0(12) 3.167 97.1
2 0(1)V-0(12) 3.365 105.7 0-P(2)~0"
2 0(1) -0(10) 3.416 103.3 ——
Ca(3) (Apatite)
average 3.043 90.0 1 0(4)-0(5), .. 2.440 106.6
1 0(6)-0(6)211 2.463 106.3 Ca(3) -0(13), 2.313  (2.405)
M(2) 7 0(4)-0(6) 2.480 107.6 -0(8)1i 2.414  (2.405)
2 0(5)-0(6) 2.561 114.2 -0(7) 2.423  (2.456)
: -0(2) 2.435  (2.456)
1 M(2) -0(14)i 2.018 aver 2.498 109.4
1 ) -0(2) 2.105 == -0(4) 2,436 (2.456)
3 -0(9) 2.328 -0(11) 2,444  (2.405)
2 -0(12) 2,438 average (inner) 2.411 (2.430)
average 2.276 P
1 P(3)-0(8) 1.502 -0(6) 2.711  (2.802)
4 0(9) 1529 -0(3) 277 ("™ 5
2 . ;
0-M(2)-0" 1 -0 1.531 -0(9) 2.839 | ®
1.523 average (outer) 2.794 (2.802)
1 0(9) -0(9)iii 2.454 63.6 average average (inner + outer) 2.539 (2.554)
2 0(2) -0(9) | 2.909 81.9
2 0(12)-0(14)1 3.111 88.1 .
2 0(2) -0(12) 3.169 88.1 _O0-P(3)-0"
2 0(9) -0(12) . 3.230 85.2
2 0(9) -0(14)1 3.456 105.0 1 0(9)-0(9)111 2.453 106.7
1 0(12)-0(12)iii  4.317 124.6 2 0(7)-0(9) 2.466 107.4
1 0(7)-0(8) 2,474 109.3
average 3.210 90.4 2 0(8)-0(9) 2.527 112.9
average 2,486 109.4

L
For other distances, refer to Figs. 5 and 8. Estimated standard errors are within *0.008% for P-0, Ca—0 and M-0 distances;

£0.009A for X(2)-0; and *0.010 for 0-0”.

-

i =

1 Cois . BB = i, : . .
X, %-y, +z; 11 = %-x, %y, -z; iii = x, -y, z; iv = %-x, %-y, -z; v = -X, y, -z applied to the coordinates in Table 2.

the chemistry of teeth and bones in the light of stabi-
lities and structural relationships among these
phases. In two noteworthy papers on octacalcium
phosphate (OCP) and hydroxylapatite (HA), Brown

(1962) and Brown et al. (1962) have drawn attention
to the structure of OCP, CasHx(PO,)s-SH,O. This
structure, as shown by Brown, possesses 43 nonequiv-
alent atoms in general positions for a triclinic cell
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APATITE

SAMUELSONITE

F1G. 7. The Ca(1)-O and Ca(3)-O polyhedra in apatite and
samuelsonite respectively referred to the samuelsonite cell
orientation (a, ¢). Empty vertices are shown as open circles, and
the bold lines connote edge-sharing with PO, tetrahedra.

with parameters a 19.87,  9.63, ¢ 6.87 A, « 89°17", 8
92°13', v 108°57', P1, Z = 2. Brown recognized the
isomorphism between the region —} < x < { for this
phase with a slab oriented with respect to the (yz)
plane in the apatite structure. Proceeding with an
apatite [Cay(PO,)s])"*" column, inversion operations
generate a linkage of equivalent columns to form a
sheet of composition 2[Ca,(PO,)]*®™ parallel to {100}
in OCP. In Figure 8, we have sketched this section of
the OCP structure to show its relationship with sam-
uelsonite and HA. Between the sheets, the structure
bears no immediate relationship to apatite, although
four of the six Ca(2) atoms in apatite (related by the
6s-operation) are tucked into similar positions in
OCP. The obvious structural similarity of OCP to
apatite and samuelsonite prompts us to write its for-
mula as Ca;,(PO;OH),- I0H,O-[Ca,(PO,)s], the re-
gion in brackets expressing the apatite columns. The
observation that Ca: P ratios in precipitated calcium
phosphates which yield apatite X-ray patterns are
often less than that of HA; the platy development
of octacalcium phosphate crystals and the observa-
tion that platy to acicular habits for apatitic crystal-
lites occur in bone; the epitaxial relation between
the (a,, b) and (¢, ¢) axes of (HA, OCP); and the
hydrolysis of OCP to form crystalline HA led Brown
et al. (1962) to suggest that OCP may be an important
intermediary in bioinorganic production of bone and
tooth material.

From the results of radial distribution‘analysis of
amorphous calcium phosphate (ACP) precipitates,
Betts and Posner (1974a, b) have proposed a cluster
model which is a spheroidal fragment of the HA unit
cell and which possesses composition Cas(PO,)s. The
model involves three of the columnar Ca(l) cations,

MOORE AND ARAKI: SAMUELSONITE

the six circumjacent Ca(2) cations, and the six asso-
ciated (PO,) tetrahedra. Based on an assumed 9.5 A
diameter for the cluster, a reduced intensity function,
F(s), was calculated from the atomic coordinates of
the HA structure. The observed and calculated F(s)
curves were shown to be in good agreement, provid-
ing the calculated cluster is dilated by about 3 per-
cent. From the model, Betts and Posner (1974) pro-
ceeded to calculate cluster densities for ACP.

If such a cluster is intrinsically stable and repre-
sents an equilibrium configuration in solution as well
as in crystals, then every effort should be expended to
test its existence in other crystal structures, especially
in crystalline solvates. It seems appropriate, there-
fore, to inquire further about the geometrical quality
of the cluster. Since double columns, sheets, and
frameworks built of the same module are now char-
acterized, it is appealing to commence with a cluster
model based on the unit isomorphic to the three
structure types: the [Ca(PO,)]**” cluster. This cluster
incorporates the Ca(1) position and the circumjacent
tetrahedra in HA. Note that the circumjacent Ca(2)
in the HA structure type do not possess isomorphisms
in the OCP and samuelsonite structures. Owing to the
remarkable coincidence of the [CaxPO,)s]"*” col-
umns in all three structures, we conclude that the
stability of the apatite structure type is dominated by
the columns of which the [Ca(PO,)s]**” cluster is the
module.

An interesting cluster of similar type is found in the
crystal structure of hanksite, KNag(CO;)(SO,),Cl,
the structure of which was reported by Araki and
Zoltai (1973). In this structure, a central [K(SO4)e]"~
cluster can be discerned. The central K'* cation is
surrounded by six oxygens, at K-O(6) = 2.93 A,
which define a trigonal antiprism, and by six addi-
tional meridional oxygens at K-O(8) = 3.13 A. A
sketch (Fig. 9) of the central KO,; polyhedron and
the six circumjacent [S(2)O,] tetrahedra shows that it
is a distorted cuboctahedron. The point groups of the
distorted cuboctahedral clusters in hanksite and HA
are 3 and 3 respectively. Comparisons of hanksite with
the Ca(1)Oso; polyhedron and the six [PO,] tetra-
hedra in HA (Fig. 9) reveals that alternate tetrahedra
are arranged similarly in both structures, that is a set
which obeys 3-fold rotational symmetry. The remain-
ing three tetrahedra each donate two oxygens to the
hanksite polyhedron but only one to HA. Since con-
tinuous relationships among the cuboctahedron, X%
and the icosahedron have been demonstrated, it is
clear that these clusters are approximations to local
densest packings. We add that a column can be iden-
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TABLE 7. Samuelsonite. Electrostatic bond strength-bond length relationships*
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0(1)
0(2)
0(3)
0(4)
0(5)
0(6)
0(7)
0(8)
0(9)
0(10)
o(11)
0(12)
0(13)
0(14)
0(15)

OH

Al X(D)

1 S

1
1
o

1 N

X(2)

o

M(1)

M(2)

Ca(l)

Ca(2)

Ca(3)

P(1)

[

P(2)

P(3)

P(4)

P(5)

Apx

+0.

-0.
(-0.
-0.

+0.
(-0.
~0.

+0.
(-0.
+0.

+0.

+0.

.08

02

03
25)
02

.17

21
01)
02

.11

09
13)
09

.02

.21

11

04

12

0(1)
0(2)
0(3)
o)
0(5)
0(6)
o(7)
0(8)
0(9)
0(10)
0(11)
0(12)
0(13)
0(14)
0(15)

OH

X1

-- +0.00

+0.04

-0.02

X(2)

-0.13
+0.08
-0.04

+0.22

M(1)

-0.10
-0.10

+0.12
+0.12

-0.01

M(2)
-0.17
+0.05
+0.16
-0.16

Ca(l)

+0.01
-0.07

Ca(3)

P(1)
+0.02
+0.01
-0.02

P(2)

+0.00
-0.02
+0.01

P(3)

+0.01
-0.02
+0.01

P4

+0.00
-0.03
+0.01

P(5)

-0.02
+0.00

+0.01

*
Number of cations bonded
coordination for Ca(3) is

to anions are listed.

listed parenthetically.

The deviation from electrostatic neutrality, Apx, is given.

Deviations in bond distances, Ad, from polyhedral averages

Outer shell
are listed,
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FiG. 8. Portion of the octacalcium phosphate structure featuring the condensed Ca-O columns and circumjacent tetrahedra. The
coordinates for this sketch are from Brown (1962). Heights, slightly idealized, are given as fractional coordinates.

tified in the hanksite c-axial repeat: it is comprised of
an aliquot of two [K(SO,)s]"'" interleaved by four
NaQ, octahedra, two above and two below; and six
additional connecting [S(1)O,] tetrahedra, that is,

F1G. 9. The K-O polyhedron and the six circumjacent S-O
bonds in hanksite (a), and the Ca(1)-O polyhedron and its six
circumjacent P-O bonds in hydroxyl-apatite (b). The drawings
were constructed directly from the atomic coordinates of Araki
and Zoltai (1973) for hanksite, and Sudarsanan and Young (1969)
for hydroxylapatite.

L[KNaxS0,)]"*~. For this reason, we prefer to express
the hanksite formula as Nay,(CO;),CI[KNay(SO,)].
With the above information at hand, we offer an
hypothesis for apatite formation and the formation
of related phases. Despite insufficient evidence, we
feel that the hypothesis is testable and that the hy-
pothesis at the very least delineates several interesting
problems in the crystal chemistry of solvate com-
plexes. In addition, it aids in selecting those struc-
tures which should be further examined in detail with
respect to local isomorphisms of their clusters. In-
cluded are the crystalline oxysalts of intermediate to
large alkali and alkaline earth cations, especially the
phosphates, sulfates, vanadates, and silicates.

Hypothesis 1. The modular unit is [Ca (PO, )s[**

The cluster has a configuration like that found in
hanksite, with two tetrahedral vertices bonded to the
central cation. Such a cluster may have formal charge
{Ca[PO,(OH),)¢}*™ in solution. A related cluster can
be identified in the crystal structure of Ca(H,O)
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[PO,(OH),];, determined by Jones and Cruick-
shank (1961). The environment about Ca?* is shown
in Figure 10. The polyhedron can be recognized
as a twisted cuboctahedron with four missing
meridional vertices and resembles the polyhedron
found in HA. Five circumjacent tetrahedra can be
discerned, and two of these share edges, the remain-
ing three sharing corners. In place of a tetrahedral
bond at one antiprismatic face, there is the water
molecule. Athough the order of the tetrahedra
around the large polyhedron is different than in HA,
the bond distances and their distortions of the poly-
hedron are similar to those found in HA.

Hypothesis 2. The cluster of Betts and Posner proceeds
from the modular unit

Adding two Ca?" above and below the trigonal
faces in the hanksite arrangement leads to the tri-
meric cluster {[(H,0);Ca],Ca(PO,)s}. In many re-
spects, it resembles the local arrangement found in
hanksite, with the two additional Ca?* octahedrally

F1G. 10. The polyhedron around Ca and the circumjacent
tetrahedra in the crystal structure of Ca(H,O)[PO,(OH),),. The
coordinates are from Jones and Cruickshank (1961).

F1G. 11. The hexagonal close-packing of [Cay(PO,)s]" columns and the associated Ca(2) cations leads to the apatite framework with
missing Ca at 2/3 1/3 0 and 2/3 1/3 1/2,and OH~ at 0 0 z. The diameter for the cylinder corresponds to that of Betts and Posner (19745).
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coordinated, the terminal trigonal faces consisting of
bound water molecules.

Hypothesis 3. Polymerization proceeds through growth
of the column and columns pack densely

The ordered [Cay(PO,)s] column grows more rap-
idly than the lateral growth between clusters. Such
growth would lead to disorder not along the columns
but between them in the HA crystal. Figure 11 illus-
trates how the cylindrical packing of these columns
leads to the HA framework structure. Note that the
peripheral Ca(2) are included, but that the Ca(l) at
(x,y) = (2/3, 1/3) are missing.

From this model, disorder in HA crystals can be
conceived as local misfits of the Ca(2) atoms about
the central column and as rotational disorder of col-
umns relative to each other. The study of Betts and
Posner (1974b) would suggest that the Ca(2) atoms
are “‘carried over” by the symmetry of the central
column fragment. It would appear, then, that rota-
tional disorder of the columns is more likely. Mor-
phological characters of natural and synthetic apa-
tites support this assertion. Crystals of apatites,
especially those found in low-temperature assem-
blages, often show a fibrous aspect, consisting of
stalks or bundles of individual fibrils. Rotation pho-
tographs about the ¢ axis from such crystals show
layer lines which are sharp but Weissenberg photo-
graphs which show continuous streaks.

Concluding remarks

The persistence of [Cay,(PO,)s] columns, in the
crystal structures of three distinct phases, samuel-
sonite, octacalcium phosphate, and apatite, suggest
that the column dictates the structural aspect and
that growth proceeds through condensation of the
columns. Applied to the apatite structure type, this
implies that disorder arises from the cylindrical pack-
ing of the columns with rotational disorder of these
columns leading to stalk-like and fibrous develop-
ment of crystals. Since the [Cag(PO,)s] cluster model
of Betts and Posner (1974b) suggests that the Ca(2)
atoms are carried along with the column’s core, and
since the column is the only readily identifiable unit
isomorphic to three distinct structure types, the hy-
pothesis that disorder arises from column misfits is
appealing.

Calcium-deficient apatites need not require the
presence of another phase such as OCP to explain
these stoichiometric deviations; rotational disorder of
packed columns can achieve the same result. In such
a model, the calcium deficit appears in the Ca(l)

positions which remain after columns are densely
packed. Annealing of disordered crystals, for such a
model, can be achieved by rotations of extensive sub-
units of the structure—in this case the columns—with
the addition of Ca(1) at the stabilized site to provide
additional bonds necessary for local electrostatic neu-
trality of terminal phosphate oxygens.
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