the fluidity of these examples probably
involves primarily interactions between
the particles (12). The lunar avalanches
suggest that, irrespective of air buoy-
ancy, avalanches can behave efficiently
like fluids composed of rapidly moving
particles.

The idea that masses of rock frag-
ments can exhibit fluid behavior in the
absence of liquids or gases has im-
portant implications for geologic trans-
port mechanisms on the moon. For
instance, base surges (/3) or analogous
radial flows could be produced by im-
pact events in the absence of a gas
phase. Furthermore, where geologic
characteristics such as relict stratigraphy
do not demand it, it may not be neces-
sary to posit air lubrication to account
for efficient avalanches on the earth.

Data from the Apollo 17 mission
may make it possible to determine
whether the large avalanche at the land-
ing site originated locally and moved
in the absence of gas. In any event,
the characteristics of smaller lunar ava-
lanches (Fig. 2) strongly imply that
gas-free rock flows occur.

Note added in proof: Rocks col-
lected from the Apollo 17 bright mantle
are like those from the adjacent moun-
tain to the south, which supporis the
avalanche interpretation (/9). Photo-
graphic evidence obtained during the
Apollo 17 mission increases the likeli-
hood that this avalanche was triggered
by secondary impacts from Tycho (19).
The small sizes of secondary craters in
the vicinity suggests that the kinetic
energy added to the avalanche by these
impacts is small compared to the po-
tential energy of falling (1022 ergs).
The plotted position of the Apollo 17
avalanche in Fig. 3, therefore, would
change but little if this kinetic energy
were added; the problem of the “effi-
ciency” of this avalanche remains.

KertH A. Howarp
U.S. Geological Survey,
Menlo Park, California 94025
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Abstract. The existence of a monoclinic phase of hydroxyapatite, Ca;(PO,);0H,
has been confirmed, by single-crystal structure analysis (weighted “reliability”
factor = 3.9 percent on |F|?). The structure has space group P2,/b, a = 9.4214(8)
angstroms, b = 2a, ¢ = 6.8814(7) angstroms, and y = 120°, and is analogous to
that of chlorapatite. The distortions from the hexagonal structure with which the
monoclinic structure is pseudosymmetric are similar to those in chlorapatite,
including enlargement of that triangular array of oxygen atoms in which the
chlorine ion or, in hydroxyapatite, the hydroxyl hydrogen ion is approximately
centered. The hydroxyapatite specimen was prepared by the conversion of a
single crystal of chlorapatite in steam at 1200°C, was mimetically twinned, and

was approximately 37 percent monoclinic.

The agriculturally and scientifically
important apatite minerals, their tech-
nologically (lighting, catalysis, laser
host) important synthetic counterparts,
and the closely related “mineral” por-
tion of bones and teeth have, until re-
cently, been thought to occur only with
hexagonal crystal symmetry in crystal-
lographic space group P6,/m. A mono-
clinic pseudohexagonal form, space
group P2,/b, of both synthetic (I, 2)
and mineral (3) forms of chlorapatite
has recently been reported for speci-
mens with nearly stoichiometric (for
example, less than 5 to 15 percent de-
ficient) chlorine contents. In both
forms the chlorine ions occur in col-
umns. In the monoclinic form they are
fully ordered within columns and the
columns are ordered relative to each
other (I, 4). In the hexagonal form
the lack of full intracolumn ordering
is statistically representable as twofold
disorder of the chlorine positions about
mirror planes which, in the monoclinic
form, become glide planes.

In hexagonal hydroxyapatite the
hydroxyl ions are similarly arranged
in columns in twofold disorder with

the O—H direction pointing away
from the mirror planes passing through
the nearest coordinating calcium ions
(5). It was recognized (5) that adja-
cent hydroxyl ions in a given column
must occur in a head-to-tail fashion,
that is, O—~H O-H O-H, otherwise the
H-H approach would be too close. It
was later shown (6) that the fluorine
impurities in the mineral (from Holly
Springs, Georgia) were distributed and
that they provided reversal points for
the sense of the O-H direction within
a column. It was then conjectured [see,
for example, Young (7) and Elliott
(8)] that a hydroxyapatite specimen,
sufficiently free of impurities and va-
canies so that no significant number of
such reversal points were present within
the column, might also exhibit inter-
column ordering and, hence, the mono-
clinic P2,/b space group, analogously
to chlorapatite. Elliott reported (9)
that the diffraction pattern of hydroxy-
apatite crystals prepared from essen-
tially stoichiometric chlorapatite single
crystals, heated in steam at 1200°C
for 2 weeks (10), exhibited “extra”
reflections explicable on the basis of
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the P2,/b space group for hydroxy-
apatite and mimetic twinning such as
is commonly observed with chlorapatite
having that space group.

A point of particular interest about
a monoclinic form of hydroxyapatite
arises from (i) its role as the model
substance for the inorganic fraction of
bone coupled with (ii) the reported
bioelectric effect by which bone growth
is influenced by electric currents or
fields (I1). Posner (12), among
others, has noted that the very small
crystallites of hydroxyapatite in bone
could well be of dimension smaller
than is typical for the distances between
column-ordering reversal points in
larger crystals and thus could be pri-
marily composed of ordered columns
with, possibly, significant intercolumn
ordering, as well. Monoclinic chlorapa-
tite has been reported (/3) to undergo
transition to a ferroelectric form under
the action of a relatively weak electric
field. If monoclinic hydroxyapatite
were to behave similarly, the polar
nature of the resulting crystal could be
an important factor in the bioelectric
effects in bone growth. The work pre-
sented here was undertaken in an effort
to enhance or to deny the implications
of both intracolumn and intercolumn
ordering of hydroxyl ions and, if the
ordering were confirmed, to provide
enough atomic-scale detail to permit
some insight into the ordering mecha-
nism.

The crystal specimen, a spheroid 0.4
mm in diameter, was prepared from a
synthetic chlorapatite single crystal by

» Hydrogen
© Hydroxyl oxygen

Fig. 1. Schematic representation of the
ordered arrangement of hydroxyl ions in
monoclinic, P2,/b, hydroxyapatite. The
rest of the unit cell content, consisting of
calcium and phosphate ions, has been
omitted for clarity.

essentially the same method used
earlier (/0). The apparent space group
(P2,/b) and twinning (I4) were con-
firmed with Weissenberg photographs,
and the specimen was then mounted
on a computer-controlled four-circle
diffractometer employing MoK« radi-
ation (A=0.70926 A). From a least-
squares analysis with the instrument set-
tings corresponding to 12 reflections,
the lattice parameters and the standard
deviations in them were determined to
be a =9.4214(8) A and ¢ =6.8814(7)
A with the constraints »=2a and y=
120°. Refinements without these con-
straints led to a=5/2 within 8 X 10—3
A and y=120° within 5.

The lattice parameters of chlorapa-
tite (4) are a=9.628(5) A and c¢=
6.764(5) A, and those of synthetic

hydroxyapatite (I) are a=9.422(3)
A and ¢=6.883(3) A. Thence, by
Vegard’s law, within an experimental
uncertainty of approximately 2 per-
cent, the crystal specimen for this
work was pure hydroxyapatite, free of
chlorine.

The intensities of 1944 independent
reflections were measured (15). Of
these, 892 were “monoclinic reflec-
tions,” that is, do not occur for the
hexagonal structure to which the ac-
tual, monoclinic structure is pseudo-
symmetric. These reflections, for which
k is odd and {540, are not superim-
posed by the twinning, as are those for
which k is even. All 892 k-odd reflec-
tions were from only one of the three
“crystals” in the twin. Measurements
of k-odd reflections permitted an esti-
mate of the relative fraction (0.31,
0.32, 0.37) of the specimen associated
with each of the three crystal positions
in the twin.

Least-squares refinements of the
monoclinic structure were carried out
with all 1944 reflections on the assump-
tion that, because of the strong hexag-
onal pseudosymmetry, the relative in-
tensities among the triply superimposed
“hexagonal” reflections (k-even) were
the same as they would be for an un-
twinned specimen (16). Because the
reflections for k-odd and those for k-
even had been collected in different
experiments, they were assigned differ-
ent (adjustable) scale factors in the
least-squares refinements. The structure
parameters for hexagonal Holly Springs
hydroxyapatite (I7) were taken for

Table 1. Crystal structure parameters obtained for monoclinic hydroxyapatite. (All parameters except those for site occupancy have been
multiplied by 10*, Standard deviations are shown in parentheses.)

Site- Refined coordinates Anisotropic temperature factors
Atom occupancy
factor x y z fSu Boz Bsa B2 Bia Bz

(O 1.008(8) 3286(3) 4918(2) 2604(5) 34(3) 7(1) 31(4) 11(2) — 1(5) 0(2)
Omm 1.018(7) 4850(2) 3282(1) 7604(5) 22(3) 3(1) 36(3) 3(2) 1(4) 6(2)
Orc 1.013(7) 1568(2) 5858(1) 2462(5) 11(2) 10(1) 48(3) 8(2) — 1(6) 0(3)
Opa 1.024(8) 5866(3) 4828(2) 2365(5) 16(3) 8(1) 74(5) 4(2) 14(4) 1(2)
Oy 1.036(6) 5359(2) 3105(1) 2422(5) 26(3) 5(1) 89(4) 13(2) —10(5) 5(3)
Or1c 1.032(7) 1213(3) 5438(1) 7319(4) 32(3) 6(1) 53(5) 2(2) 6(4) 6(2)
Opa™ 1.016(10) 3280(4) 3746(2) 821(4) 44(5) 9(1) 34(4) 18(3) —11(4) —11(2)
Orns 1.003(10) 7473(4) 2904(2) 804(4) 35(5) 11(1) 42(4) —2(3) 23(4) — 8(2)
Ornc 1.009(8) 794(3) 4134(2) 5817(3) 37(4) 14(1) 30(3) 24(3) —13(3) — 2(2)
O’y11a 1.025(8) 3578(3) 3827(1) 4404(3) 25(3) 8(1) 28(3) 13(2) 0(2) 5(1)
O’ 11 1.020(10) 7373(4) 2949(2) 4390(4) 40(5) 8(1) 33(4) 4(3) —15(4) 2(2)
O’ 111¢ 1.033(10) 909(4) 4290(2) 9397(4) 26(4) 7(10) 29(4) 11(2) 2(3) — 2(2)
Ca; 0.998(3) 3259(1) 5798(1) 6(1) 18(1) 5(0) 20(1) 2(1) — 1(1) — 1(0)
Ca’y 0.989(3) 3412(1) 5868(1) 4977(1) 18(1) 6(0) 21(1) 3(1) 2(1) 0(0)
Capa 0.995(2) 2465(1) 2465(0) 2534(1) 22(%) 5(0) 32(1) 4(0) — 2(2) 1(1)
Cap 0.995(3) —68(1) 6233(0) 7434(1) 19(1) 6(0) - 23(1) 6(0) — 5(1) 1(1)
Caye 0.983(3) 2533(1) 3732(0) 7567(1) 21(1) 6(0) 24(1) 6(0) 3(1) — 1(1)
P, 1.030(4) 3982(1) 4342(0) 2556(2) 17(1) 4(0) 22(1) 6(1) — 3(2) 0(1)
Py 1.033(4) 6315(1) 2650(0) 2552(2) 16(1) 4(0) 25(1) 2(1) — 3(2) 1(1)
Pe 1.027(3) 302(1) 4490(0) 7518(2) 14(1) 5(0) 27(1) 5(1) 1(2) — 1Q1)
Oy 1.012(10) — 703) 2504(2) 3045(3) 31(4) 6(1) 82(4) 10(3) - 203 1(2)
H 1.000 0 2500 4392 129 32 104 32 0 0

* The temperature factors of these atoms are nonpositive definite (see text).
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the starting points. Absorption correc-
tions were made with tabulated data
(18) for spheres [ur=0.58 (u is the
absorption coefficient and r is the
radius)]. Using the correction formula
of Zachariasen (19), we made extinc-
tion corrections iteratively with the
least-squares refinement cycles in sep-
arate passes.

Observations of the intensities of 28
k-odd reflections at both room temper-
ature and ~50°C verified that the
monoclinic structure also exists at body
temperature (that is, 37°C).

The final cycle of least-squares re-
finement of the structural model yielded
wR,, the weighted “reliability” factor
based on |F|?, equal to 3.9 percent and
the structural parameters given in Table
1. Although certain anomalies in the
temperature factors remain (those for
Or11as Orpres and O’y are nonpositive
definite, possibly because of the as-
sumption discussed in footnote (16) or
the fact, commented on below, that
only part of the specimen was mono-
clinic), the structure refinement has
successfully proceeded far enough to
confirm the monoclinic structural form
and to permit discussion of its main
features. The positions of the hydrogen
atoms have been deduced from the
positions (in twofold disorder) found
in the neutron diffraction studies of
Holly Springs hydroxyapatite (5). The
monoclinic cell is related to the usual
one used for hexagonal apatites by a
translation of b(hex)/2 as well as by
doubling of one of the hexagonal axes
(b). The notation for the atoms fol-
lows that used for hexagonal apatite
structures with additional designations
to allow for atoms that are not sym-
metry-related in the monoclinic struc-
ture although they are in the hexagonal
structure.

The most interesting feature of the
monoclinic hydroxyapatite structure,
and that which had been expected by
analogy with monoclinic chlorapatite,
is the ordered arrangement of the hy-
droxyl ions. This is illustrated in Fig.
1. There is a close similarity between
the distortions from hexagonal sym-
metry found in this structure and those
found in monoclinic chlorapatite 4),
including the (unforeseen) fact that
the Oy triangle which is enlarged by
having a chlorine ion near its center in
chlorapatite is also the one which con-
tains the hydroxyl hydrogen in hy-
droxyapatite.

Not all of the specimen was in the
monoclinic phase. Analysis of the sep-
arately refined scale factors for the
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“monoclinic” (k-odd) reflections and
the hexagonal (k-even) reflections led
to the conclusion that the specimen
was approximately 63 percent hexag-
onal and 37 percent monoclinic. Pre-
liminary data for another crystal sug-
gest that this ratio may vary greatly
from specimen to specimen and may,
therefore, be a point of interest for
future studies.
This confirmation of the existence of

a monoclinic phase of hydroxyapatite
has potential significance in several
fields. For example, interest is height-
ened in exploration of the dielectric
properties of the monoclinic phase both
in terms of fundamental solid-state
properties (probably analogous to those
of monoclinic chlorapatite) and in
terms of possible involvement in bio-
electric effects on bone growth. The
existence of monoclinic hydroxyapatite
also removes a previously apparent in-
consistency between the morphological
symmetry (tape-like) of developing
dental enamel crystals and their crys-
tal symmetry, which was previously
thought to be constrained to hexagonal
but is now recognized to have the pos-
sibility of being monoclinic.

J. C. ELLiOTT
Georgia Institute of Technology,
Atlanta, Georgia 30332, and
London Hospital Medical College,
London, England

P. E. MACKIE

R. A. Young
Georgia Institute of Technology
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Ice Nucleation: Elemental Identification of

Particles in Snow Crystals

Abstract. A4 scanning field-emission electron microscope combined with an
x-ray analyzer is used to locate the ice nucleus within a three-dimensional image
of a snow crystal and determine the chemical composition of the nucleus. This
makes it possible to better understand the effect of nuclei in cloud seeding.

[nformation about the elemental
composition of atmospheric nuclei is
necessary for a quantitative evaluation
of deliberate and inadvertent weather

~modification. In seeding experiments on

supercooled clouds, Agl is most often
used as the seeding agent. Because the
presence of silver in seeded snow can
be due to nucleation, scavenging, or
sedimentation, analyzing the silver con-
centration in the snow provides in-
formation about the spatial and tem-
poral distribution of Agl in a particu-
lar seeding area. However, this method
provides little information about the

effectiveness of the seeding agent in
any weather modification attempt. Only
by examining individual Agl particles in
relation to individual snow crystals and
identifying Agl as the nucleus is it
possible to make an objective analysis
of seeding experiments.

Using the principle that a particle
can act as a nucleus in its own super-
saturated solution, Parungo and Rhea
(Z) developed a technique for growing
Agl crystals smaller than a micrometer
but large enough to be analyzed with
an optical microscope and thereby iden-
tified as ice nuclei However, this
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