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ABSTRACT

The mineral species hydroxylapatite has been re-examined. Two new occurrences have
been found, Uherokee County, Georgia, and von der Rossa, Val Devero, Ttaly. The Swiss
ma”nu.w_nn__ “hydroxylapatite” is actually a fuor-hydroxylapatite. Physical, .n._a::nm_. and
mineralogical constants have been determined and in part interpreted. When sufficient
E....u_azu.; is present in an apatite, it is reflected in the increase in refractive indices and bire-
ﬁ. ringence. Hydroxylapatite has enly been found associated weith talc and chlorite schisls, which
indicales that il is formed by metamor phism in the presence of much swater and with the simul-
taneous formalion of other mineralsrich in the hxdroyyl group.

INTRODUCTION
Apatite is a very common mineral, being regarded by Clarke and
Washington as one of the ten most abundant minerals in the earth’s
crust. Although much advance has been made in our knowledge of the
m._.:snzzomv. of the apatite group of minerals during the last decade, some
important members of the group have not been adequately studied. Tt is

the purpose here to deal with the mineralogy and interesting mineral
association of the hydroxyl-bearing variety, hyvdroxylapatite.

LITERATURE AND NOMENCLATURE

.:._ 1856, A. A. Damour! analyzed an apatite from the vicinity of St.
Girons in the Pyrenees, which he found to contain 3.36°C F and 5.307
H.0, and to which he gave the name hydro-apatite. in allusion to its
.:d..nm_.ccm character. Schaller® examined this analvsis and concluded that
it corresponded to the less hvdrous mineral francolite. Schaller as a
result of his study of the work of Lacroix® suggested a theoretical end-
Em_.,:.rm_. of the apatite group, rich in hydroxyl, which he called hydroxy-
apatite. This compound had been synthesized by Warrington! in 1873,
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i ﬁ.zr:ﬁ::_._ A. AL, Sur Phydro-apatite, espee minéral; Anmales des mines, 10, 65-68
(1836).

? Schaller, W. T.. Mineralogical Notes—Series 2, I". 5. Geod, Surr., Bull. 509, 89100
(1912),

L] _._mn—.s:v AL L., Sur la constitution mineralogique des phosphorites francaises: Com pl.
read., 150, 1213 (1910); Mineralogie de la France, 4, part 2, 353 (1910,

.5 arrington, K., On the devomposition of tricaicic phosphate by water. Jour. Chem,
Soc. (London), 26, 983-989 (1873),
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who referred to it as hydrated oxygen apatite. The synthesi
peated by Bassett® in 1917, who used the term hydroxyapatite.
The first natural occurrence of material approaching hydroxylapatite

-3 &

in composition was reported by Burri, Jakob, Purker, and Stiuis® They

used the name “hydroxylapatit” for the naturaily occurring mneral
and thus established this species. “Hydroxylapatit’ is universally used
in the recent rather extensive German literature’ on the chemistry of
this compound. In the English chemical literature, since the time of
Bassett, the name hydroxyapatite has been used.

CRYSTALLOGRAPHY

Hydroxylapatite from the old Verde Antique serpentine guarry near
Holly Springs, Cherokee County, Georgia, exhibits only a small number
of forms. The best crystal observed measured 6 by 6 by 11 mm. It was
elongated parallel to the ¢ axis, and the developed forms were the prisin
terminated by the basal pinacoid. Natural etch figures on the prism faces
and etch grooves on the basal pinacoid are sketched in Tig. 1. The etch
pits on the prism [aces are alike in shape and orientation and confirm
the hexagonal character of the ¢ axis. Moreover, they are divisible by one
plane of symmetry parailel to the equatorial plane, and they show thata
center of symmetry is present. The etch data agree with the reguirements
of the hexagonal dipyramidal class, The etch grooves on the base form
an hexagonal pattern, the principal system ol grooves being parallel to
the sides of the prism while the secondary system is perpendicular to
these. Honess® has described similar etching produced on apatite crystals
in the jaboratory.

The best developed crystal of the Swiss material was 4,5 mm. long and .
4.0 mm. in diameter. 1t consisted of aprism terminated by a bipyramid.
of the same order as the prism, as well as by the basal pinacoid. This
crystal was so corroded by wavy grooves as 1o have no value for sym-
metry determination.

N-ray powder diffraction photographs were made on samples of hy-
droxylapatites from Switzerland and Georgia. The diffraction patterns,
portions of which are reproduced in Fig. 2, are similar to those obtained

3 Bassett, H., The phosphates of calcium. IV, The basic phosphates: Jonr. Chent, Soc.
(Londun), 111, 620642 (1017).

¢ Burri, C., Jakob, J., Parker, K. L., and Strunz, H., {'ber hydroxylapatit von der Kem-
melton, bei Hospenthal, (Kt Uri): Schweis Min. Peir. Mitt., 15, 72, 327-399 (1935).

! For a summary of the chemical literature, note Fisenberger, 5., Lehrman, A, and
Turner, W. D., The basic calcium phosphates and reiated svstems. Some theoretical
and pra | aspects: Chem. Rer., 20, 257-290 {19400,

s Honess, A. P., The Nuture, Origin and rpretation of the Fieh Figures on Crystals.
John Wiley & Sons, Inc., New York, p. 171 01927).
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from fluorapatite and synihet

ic hydroxylapatite. These paiterns do not
show the separation of the {121),

(112}, and (300) reflections found by
Thewlis, Glock, and Murray® which would resalt from changing the axial
ratio from a:e=1.000:0.734 to gic= L0001 0,730, These retlections might
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F1c. 1. Crystal forms and natural etching of the Georgia hydroxylapatite.

be slightly shifted since the lines are somewhat broadened. However,
the lines at large angles from the various materi

have similar spacings
and intensities. Lattice dimensions of these sumples of hydroxylapatite
and fluorapatite, therefore, are identical within limits of experimental
error. Close similarity of lattice dimensions of course is a result of the
approximately equal fonic radii of F~and (O11)~.

* Thewtis, 1., Glock, G. E. and Murray, M. M., Chemical and vray analysis of dental,
mineral, and synthetic apatites: Trans. Faraday Soc., 35, 338 343 (1939),
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Fic. 2. X-ray powder difftaction patterns, Cu Ko radiation, of (.\) syothetic hydrosyl-
apatite (heated for one hour at 800°C.Y, (B) hyvdroxvlapatite from Georgia, (C) fluorapa-
tite,
low). The Swiss mineral in the nomenchiture of Ridgway was found to
be sea-foam green (27”.g—y.1.), while synthetic hydroxylapatite is a
white powder. The fluor-hydroxylapatite of the chlorite schists from
Georgia ranges from deep chrysolite green (27".g—y) to deep sea-foam
green (277.g—vy.d).
OprIcs

Optical properties were determined by the immersion method using
sodium light and are given in Table 1. To these values have heen added
the so-called “oxvapatite” of Bianchi' and the data for Huorapatite and
chlorapatite,
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Tasie 1. Orrical PROPERTIES UF SOME APATITES

1 1
_ Georgia _ C.”..:,E.; Ttalian _ -
| Hydrosvle | op o Hydmeyl- | Elovs | L8O
. Hydroxyl- : apatite apatite
apalite apatite apatite _
Unfaxial | (=) (—) (—) (—) (—) (—)
Wa 1.651+0.001 | 1.64540.001 1.6452 1.6507 1.633+0.001 1.667
€xa 1.6444£0.001 | 1.640£0.001 | 1.6413 | 1.6452 | 1.629+£0.001 | 1.664+
(w=ex, |0.007 0.005 0.0039 0.0055 | 0.004 0.003
Observer | Faust, this Faust, this Jurri A D, McConnell Larsen &
paper paper et al.t Bianchil® &J.W. Berman®
Grunert
Wratten
filter
W-90

Schneiderhéhn'® states that synthetic hvdroxylapatite has indices of
refraction near those of hilgenstockite, (4Ca0- PaOy), yna= 1647, axy
= 1.643. The x-ray diffraction patterns are also similar,

The presence of hydroxyi instead of fluorine in apatite increases the
refractive indices. This increase has also been observed, for like substi-
tution, in topaz." This is to be expected from a consideration of the ionic
refractivities of fluorine, hydroxyl, and chlorine ions for which Wasast-
jerna' calculated the wvalues 2.20, 4.68, and 8.45, respectively. This
relationship between the refractive indices of apatite and the ienic re-
fractivities of the replacing atoms is shown graphically in Fig. 3, where
data for the end-members are plotted.

The sample analyzed by Bianchi appears to be an hydroxylapatite,
Its refractive indices and doubie refraction are almost identical with the

1 Bianchi, A., Apatite di Val Devero (Ossola): Atti. Soc. Ital., Soc. Nal., 58, 306-333
(1919).

'* McConnell, D., and Gruner, J. W., The prablem of the carbonate-apatites: Part IT1,
Am. Mineral,, 25, 157-167 (1940).

'* Larsen, E. 8., and Berman H., The Microscopic Determination of the Non-opague
Minerals: U. S. Geol. Surv,, Bull. 848, 2nd ed., (1934).

13 Tromel, G., and Schneiderhihn, H., Beitrige zur Kenntnis des Systems Kalziumoxyd-
Phosphorpentoxyd. Mikroskopisch optische Untersuchungen der Schmelzen: Mitt. Kaiser
Wilhelm Inst. fur Eisen-Forsch, Disseldori, Band 14, 25-36 (1932).

Y Pardee, J. T., Glass, J. J., and Stevens, R, E., Massive low-fluorine topaz from the
Brewer Mine, South Carolina: Am. Mineral., 22, 1058-1064 (1937).

¥ Wasastjerna, J. A., Cber die Refraktionsiquivalente der Ionen und den Bau der zu-
sammengeseteten lonen: Soc, Sei. Fenn, Coman, Piys, Math., 1, #37 (1923); also, Uber den
Bau der Atome und Molecile im Licht der Dispersionstheorie: Zeits. Physikalische Chemie,
101, 193-215 (1922),
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Fic. 3. Refractive indices of fluorapatite, hydroxylapatite, and chlorapatite as
functions of ionic refractivities.

data obtained on the Cherokee County, Georgia, material. It no.zE not
be a mixture of chlorapatite and fluorapatite since its double qe_ﬁm_,,.:::
is roughly twice as great as either one. Although it was 3:4._ an ,axur
apatite” by Burri et al., the existence of such a compound is yet to be
demonstrated.”
CLEAVAGE AND FRACTURE

The Georgia hydroxylapatite possesses a distinct nE,,..,._:eEﬁ,. fracture
whereas the Swiss mineral® (poorer in hydroxyl) exhibits a fairly good
cleavage paraliel to the prism and an interrupted ﬁnuﬁﬁn parallel to .r,:__m
basal pinaceid. The fluor-hydroxylapatite Aﬂec«m:&._ on :u.n o#.rmq :g.,_: )
has a cleavage parallel to the prism. Sometimes trains of tiny inclusions

occur parallel to the cleavage traces.
SprcIFIc GRAVITY
The meiecular weight for the unit of structure of hvdroxylapatite .wm
1604.69, while fluorapatite is 1008.68, a difference of only about 0.4%.



362 h [TCHELL, G. T. FAUST, 5. B. HENDRICKS, D. §. REYNOLDS

:.:um been previously pointed vut that the lattice dimensions of the two
minerals are almost indistinguishabie. On the basis of these data one
would necessarily conclude that the specific gravity of hydroxylapatite
and fluorapatite are almaost identic 1 The specific gravity :‘.mn A_a.ﬁm__,:..mm_.i
_¢.. the standard method using the analytical halance. The values ob-
tained were corrected for the thin platinum wire-suspension and tem-
perature. These are given in Table 2 with values from the literature.

TaBLE 2. SpeCIFIC GRAVITY DATA

|
" | This | i sl | i
SEfdana |y ,— his | Burri Larsen & Caleu-
_ LI Paper | e als | Berman® | lated*
Iv.m_.:. lapatite | Georgia | 3.2 | - | —- L o317
Fluor-hydroxylapatite | Swiss , 3.21 I 306 | — |
Fluorapatite | | I 3.2 m 3.18

*0=937 A, =088\,

The value obtamed by Burri et al. is surprisingly low and not in agree-
ment with the supplementary crystal structure data. Moreover, the
investigations of Kind!'® on various magmatic apatites exhibiting quite
a range of substitutions does not support so low a specific gravity as that
reported hy Burri et al. )

CHEMISTRY
Analviical data

Analyses were made according to the standard methods used in the
Bureau of Plant Industry for the analysis of phosphates. Fluorine was
determined by a modification of the Willard-Winter method '

The frequently used etching test for tluorine has proven to be untrust-
worthy and it is desirable to base statements concerning the absence of
fluorine upon quantitative analyses.’® .

For this reason the fluorine and water contents ot the Swiss material
kindly furnished by Dr. W. F. Foshag of the National Museum, ,a.m_._w
redetermined. The value for the ignition loss, namely 1.77%, checked
very well with 1,739 found in the original analysis. Fluorine determina-
. E‘wﬂq.&. Alfred, Der magmatische Apatit, seine chemische Zusammensetzung und seine
physikaiischen Eigenschaften: Chem. der Erde. Band 12, Heft 1, 50-52 (1938].

17 Reyvnolds, D. 8., and Hill, W. L., Determination of fluorine with special reference to

:.5 analysis of natural phosphates and phosphatic fertilizers: I'nd & Eng. Chem., Anal,
Ed., 11,21-27 {1939).

. 1 Hillebrand, W. F., and Lundell. G. E. F., Applied Inorganic Analy
Sons, Inc., New York, 595506 (1029). .

e, John Wiley &

b
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tions were, however, in compicte disagreement, with 1.01% !
v none by a qualitative test. Their

forine

present whereas Burri et al. fou
optical data also indicate an error in their fluorine determinations; for
{he birefringence and refractive indicesare considerabiy lower Lhan those
for pure hydroxyvlapatite. Accordingly, the fluorine analysis from this
work is used with the remainder of the analvsis by Barri and his co-
workers, although it is realized that the material might show consider-
able variation in composition.

The ignition loss of 17307 is in excess of the expected value for an
apatite containing 1.0C; fluorine. Determination of water in apatites,
however, is subject to exacting requirements. It is necessary Lo heat the
sample to about 1400°C. in a current of dry air. Possible loss of halogens
must be taken into account and corrections made. The material from
Switzerland used in this work contains small but microscopically detect-
able amounts of a carbonate; a crystal dropped in cold 1:1 HCI gave

slight effervescence.
Spectrographic analysis of the Georgia hydroxylapatite and fluor-
) wpatite, kindly made by Dr. B. C. Brunstetter and Mo AT
Myers of the Bureau of Plant Industry, showed that calcinm and phos-
phorus were the major constituents; that manganese, E:nsmmwzﬁ, iron,
and aluminum were present in very small amounts; and that mere traces
of copper, vanadium, boron, sodium, and potassium were present.
Formulas for the several apatites computed from the data in Table 3
are summarized in Table 4. Molal values are adjusted to make the (PO
value exactly 6.00; which is the number of (POy) groups in the unit of
structure of a carbonate-free apatite. The total number of positive ions,
S, exceeds the theoretical value, 10.00, by about 1.597 in samples 1, 71
and 4. This might be due in part to the usual analvtical error. It could
also be explained by the presence of some (CO,~—) groups substituting
-

hydroxy

H XN

for (PO,)~~~; the 1.3 excess would require 0.4C; CO,. Similarly the
(OH, F) value exceeds 2.00, the {heoretical maximum, in samples 1 and 3.
This is probably due to water being occluded or adsorbed to a minor
extent and not present as hydroxvl,

The material, analysis No. 4, that Rianchi described as “oxyapatite”
is apparentiy hyvdrox lapatite. He failed to determine the water content
— very Comimon error in apatite ..__.:_J.un,,“r Damour’s sample, No. §, 15
probably fluorapatite and the large amount of water given in the analysis

was evidently present as such.

Color of synthetic hydroxylapatile

Colorless hydroxylapatite can be svnthesized but generally the prod-
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TasLe 3. CHEMICAL ANALYSES

! ) ] i [ O _
, N 2 | “ 4 S - O G
| | e e R
i I iai-
m _ Flaoe: _ hydroxyl- __ _ _
! H.:._._am,d,w.__ ydvorgi- | apatite. m “ !
apatite. | Siitiie Kemmieton, 7 Hydroxyl- | | erm .
n_mn..:v. Ec:c. Hospenthal _ apatite. ijaccﬂwm ;msmm:-
Springs, b Kt. Uri Ross: Hy fi.
3 Sorings | o 5 S8, | Hydro- |,
Cherokee OW..._.GM.”& Switzerland | Val Devero, | apatite ) n_nc‘au.‘_-
. meza‘,., ol | USNN. Ttaly apatite
Teo! s a8 ) L] 1 = |
B8 | Georgia mu__o,m | | _
Roebling W | _
Coil. | W “
P:0; 42.05 11.96 £2.19 | 41.63 7 40.00 | 42.40
VO, 0.00 = ] ow= (Fegy — | -
m (e C ol I
Cal I e A e _ MO
a0 | 35.81 | 5.9 55,47 55.23 L os2as 55.81
_ 0.10 | 0.0 — .29 = B
| o007 0.10 0.06 | — —_
w“o [ 1.86%%  1.33% 1.73%* 0.32 L5530 1.79
i 0.16 | 0.8 1.01 | trace [ 336 | —
cl trace 0.06 — | 095 | — -
Insol. 0.15° | 0.15° 0.60* | 1.30 | =
e | | -
100.23 10030 | 101.06 | 100.64 101,01 100.00
fo=r 0.07 0 _. ;| | |
Less! 7 .36 0.45 0.21 [ faz | —
L0=Cl | _ 7 Ha
| | s
Total m | |
ota 100.16 | 100,03 | 100,63 _ 100.43 99,59 | 100.00
—vnﬁv- | . | _
5 | i 0.761 L0764 | 0760
Analyst D. S. D.S. J. Jakob? 7 A. Bianchi® | AL A _
Reynolds | Revnolds  with fluorine | Damour? |
i | byDSK. | _ _

- .. ..
-»uﬂwam.z.rwn in acid. Identified as talc. See Figs. 4 and 5.
gnition Ioss, corrected for small amount of fluarine volatilized.

Euw are various shades of pink. Gabriel'® first reported this observation
w:& one :n.m:w.a to redness in contact with air, which is closely related to
hydroxylapatite. He thought that it might be due to the presence of rare

¥ Gabriel, 5., Chemical research n i i
5., n the mineral material of ath: f
Physiol. Chem, 18, 237 (1893). Siesmm—
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carths but was unable to prove the point. Bassett? obgerved simi
colors in synthetic hydroxylapatite, the color varying greatly in shade
and uniformity. He showed that the color could be intensified by the

the couree of the synthesis
3 :

[HE IR PR 'Y s FEI
wdtii il ul COPPET salts during

Tasie 4. Duserven FORMULAS OF THE VARIOUS APATITE MINERALS

n . f . xcess
Source Formula 5 _ Charge
1. Georgin (Cane Mzo.w Mnoor) (PO 00 (OHz, 00 Fo.0s) 10,13 0,09
2, Georgia (Caoas Mgo.n Mng,e)  (POes.oo ASI_.é#._?:ﬁur__ﬁv 10. 16 0.35
3, Switzerland | (Cagee Mug.a) (POYe, 00 (CHiss To.sa) 10.00 | —0.48
4. Italy (Cayge Mgs.os) (POWJs.00 (OHg, 03 Clo) 10.17 2.18
5, France

(Damour) | Cag.os (POs.00 (Fi.s8) 0.94 0.00
0, Theoretical Caig,00 m_...mv..u....qu :.u:w e_uu | 10,00 0.00

Spectroscopic determination of copper in four synthetic samples of
hydroxylapatite showed a correlation between intensity of pink color
and adventitious copper. The pink color was easily observable in a
sample containing about 0.0039 Cu.

Dissociation of hydroxylapatite

Several yearsago anattempt was made in thel
of Plant Industry®® to measure the dissociation pressure
synthetic hydroxylapatite. The experiments were not successful owing
to the apparent irreversibie character of the dissociation. It was found
that this dissociation took place over an interval ranging from 1200°C.
1o 1500°C. These experiments also showed thal il hydroxylapatite were
heated so as to drive off almost one half of its water, the a-ray pattern
of hydroxylapatite still persisted. However, if all the water were removed,
4 mixture of a-tricalcium phosphate and hilgenstockite (tetracalcium
phosphate) resulted.

Another approach to this problem was madeby Jacob, Reynolds, and
Hendricks? who studied the “citrate solubility” of hydroxylapatite as a
function of the heat treatment of the charge They heated synthetic
hydroxylapatite to various temperatures and Jetermined the solubility
of the phosphate in neutral ammonium citrate, according to the aofficial
-ailable phosphate. It was found that at temperatures below

aboratory of the Bureau
of natural and

method for a

2 Nelson, R, A. Unpublished data, 19.30.
# jacaob, K. D, Revnolds, 1.5, and tlendricks, S, B. Unpublished data, 1936,
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1200°C. the “citrate selubility” remained the same; at temperatures
between 1200°C, and 1500°C. it was greatly increased: und that above
1500°C. it was the same as a4 mixture of a-tricaleivm phosphate and
hiigenstockite. These studies were i agreement with the accompanying
x-ray investigations made on the same materials and with observations
of Trismel.®

CTROLOGY

Microscopic examination

In thin section the Swiss apatite consists of subhedral and euhedr
crystals in a coarsely foliated tale in which the foliae are more or less

Fro. 4 Apatite-tale schist, Kemmleton, Hospenthal, K. Uri, Surtzerl, Switzer-
land. ap=apatite, t=tale, solid hlack areas=maenefite.

Fra. 5. Hydroay lapatite-tale schist from the old verde antique serj
Holly Sprin

Line quarey ne

. Cherokee County, Georgia. ap=apatite thydroaviapatite). 1=t

arranged in a parallel manner, with only occasional local areas exhibiting
a decussate structure. The apatite has been invaded by tale crvstals
which occur as gash-like inclusions and narrow veinlets in the apatite.
These talc areas usually behave as a unit. Tiny veinlets and irregular
areas of carbonate were observed in some of the tluor-hyvdroxyvlapatite
crvstals. Excellently ervstallized magnetite is scattered throughout ‘the
tale (see Fig. 4. The rock is an apatite-tale schist. A small partion of the
associated steatite shows tale, magnetite. and chlorite. This chlorite is
quite pleochroic, being paie emerald-green parallel 1o the cleavage and
very pale vellow perpendicular thereto. The interfe .

. being a greenish-gray. The puragenetic sequence in the tale-schist

nce colors are anom-

ion

Bl

s fluor-hydroxylapatile. tale, and magnetite.
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The texture of the Georgia hydroxylapatite-tale schist is coarse. Long
foliae of tale traverse the thin section and these are only rarely disturbed
by small patches of talc cutting transversely across their length. Hy-
droxyvlapatite is subhedral and carries only long crystals of tale which
are present as inclusions or as invading gash-like veinlets, These are to be

s m FFig. 5. The paragenetic sequence

seen in the camera lucida drawing
is hvdroxvlapatite, and talc.

Genesis

These tale schists, as judged by their accessory minerals (hydroxyl-
apatite and magnetite), and the coarseness of the talc flakes, indicate
metamorphism  embodying  hydrothermal reactions under dynamic
stresses. They have arisen through the metamorphism of ultrabasic
rocks. At the time of metamorphism a considerable amount of water was
present to permit the formation of tale and hydroxylapatite. A definite
upper temperature limit is set by the fact that at one atmosphere pressure
tale dissociates into enstatite, a sitica rich liquid, and water vapor be-
twveen S007
sociates at a still higher temperature, namely, 1200° to 1500°C. The effect
of non-uniform pressure would probably lower these dissociation tem-
peratures significantly and thus set the upper limit of formation of these
rocks at correspondingly lower temiperatures.

nd S10°C 2 Ag wag nointed out earber, hyvdroxylapatite dis-

Poth of the hydroxylapatites carry some fluorine. Accordingly, tale
of these rocks and a totally unrelated pure tale were analyzed for their
fluorine content in order to ascertain whether there was any competition
between the tale and hydroxylapatite for the availabie fluorine. The
results of the analvses are given in Table 5. The tale used as reference
was from Harford County, Marviand, U.S.N M. #82519, and consists

of clear transparent books about 7 cm. in diameter,

Tance 5 Frvowise Costest OF MINERALS OF THE HYDROXYLAPATITE T ALY SCLISTS
Locality OF in Tale (Mineral)® Ou1 in Hydroxyvlapatite
0000 0. 169
000 1.015%
Marvland .00 no associated apatite
* Optically the Georgia and Swiss tales were similar in that 2V seems smaller than the

value observed for the Maryland tale. Precise measurement of 2V on the scrapings of the

tides prepared for analysis was not possible,

2 el 1L HL Bunting, BN and Geller, R FL Thermal decompasition of tale: Jouwr.
Res. Xatl. Bur. Sids., 15, 351-535011935).
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The manner of formation of hydroxylapatite can partially be inferred
from the ebservations discussed above. Minerals of the apatite group
generally contain Huorine, even when formed in agueous systems low in
fluorine, such as the sea. Chlorine or hydroxyi are substituted for fluorine
only under very unusual conditions, the former in some pegmatites and
the latter in the presence of hydrous metamorphic minerals.

The parent rocks which gave rise to the tale schists were of an ulitra
basic character and contained small, but unusually important quantities,
of phosphatic compounds. During the period of metamorphism a con-
tinuous and significantly large quantity of water was probably present,
since the principal mineral, talc, requires 4.8, Hy0 as hydroxyl groups.
Hence, in the absence of sufficient fluorine to combine with the available
phosphate, or in the presence of water at high temperatures, hydroxyl,
supplied by the water, was taken from the system and hydroxylapatite
resulted. Analyses of the tale, as listed in Table 5, gave no experimental
evidence of competition for the fluorine content of the system. Never-
theless, the talc, because of its far greater bulk, may have removed saffi-
cient fluorine to prevent the re-formation of fAuorapatite, it it had existed
as such before reorganization set in. As was pointed out in the comments
on the determination of the water content of apatites, the passage of
heated water vapor over fluorapatite removes important quantities of
fluorine for which the hydroxyl is substituted. This process, carried out
over a long period of time, would reduce the fluorine content of a fluor-
apatite very decidedly. The operation of this process might lead to some
rariability in the fluorine content of unrelated masses of the hydroxyl-
apatite, and some evidence of this fact was noted. The assembiage of
minerals—talc, hydroxylapatite, and magnetite—and the coarse folia-
tion of the talc indicate dynamothermal metamorphism. Temperature
and non-uniform pressure were both critical factors in the formation of
these talc schists. The system was undoubtedly closed, permitting the
development or maintenance of a pressure suitable for the formation of
hydroxvlapatite.

The Italian hydroxylapatite is reported to occur in a diallage-serpen-
tine rock mass. Other associates include rose-colored sphene, magnetite,
fibrous hornblende, chlorite, and ilmenite. Although the exact field rela-
tions of this rock mass are not fully described, it is suggestive of the
serpentine masses commonly associated with talc schists. Further field
observation would be of interest to ascertain whether the apatite is asso-
ciated with serpentine or talc.

1 . [ i i ¥ . .
The assecialed fuor-hvdroxyiapatiie-chiorite schists

The talc deposits are related to the associated chlorite schists. Speci-
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mens of the chiorite schists examined censist principally of chlorite and
fluor-hydroxylapatite, with talc in a few instances. The w index of re-
fraction was measured on the apatite of five different specimens and the
value of each was found to be 1.645, which is significantly lower than w
of hydrexylapatite, Analyses of one sample, No. 2 in Table 3, showed
the presence of 0.84% F and 0.06% CL This apatite occurs as masses
resembling very oblate spheroids, as large as § cm. in diameter, which
are embedded in a medium-grained chlorite schist. The measurements
on the chlorite of the chlorite schist are given in Table 6.

Tapre 6. DATa 08 THE CHLORITE FROM THE OLD VERDE ANTIQUE QUARRY
Near Horry Srrinecs, CHEROREE COUNTY, GEORGIA

Spectrascopic Data Optical Data

Chemical Data
P0s=0.08 Major Constituents: Biaxial (4)
Mg, Al Si, Fe IV=15"+
F=0.007
HaO) at 100°C. = none <y
HaO at 600°C.= 3. 109 Very Minor: a=1.586+0.002

Mn, K, Na, P y=1.505+0.002
H:0 at 1000°C. = 11.46%,
H.0 at 1200°C.=12.18% y—a=0.009
Ha0 at 1400°C. = 12,589 fused  Sought, but not found:

Li, Ca, 8¢

It is known from the researches of Doelter,® and Doelter and Dittler,
that chlorite dissociates to yield water vapor, glass and various crystal-
line phases. J. Orcel® found that a strong exothermic reaction, cor-
responding to the major loss of water, takes place in the range of 600°C.-
S00°C. for most of the chlorites that he examined. Analyses, Table 6,
show that the chlorite studied in this work loses most of its water below
1000°C.

Chlorite resembles talc in being a very hydrous mineral, formed ex-
tensively by metamorphism in the presence of abundant water. Associa-
tion of hydroxylapatite, or fluor-hydroxylapatite, with chlorite schists is
thus similar to the assaciation of these minerals with talc schists. From
physicochemical considerations, the environment at the time of the meta-
morplism which produced the tale schists and the chlorite schists was
nearly the same and permitted the contemporaneous development of

2 Dgelter, C., Synthetische Studien: Newss Jahrb, Min. 1, 3 (1897).

22 Doelter, C..and Ditidler, E., Cher cinige Mineralsynthesen: Sifzh
121, 599 914, 1010 11012)

2 Orcel, J.. L'analvse thermique des chlorités: Compl, rend., 183, 563-307 (1920).

rodkad, Wiss, Wien,
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both racks. This agrees satisfuctorily with the field evidence on the in-
timate association of talc and chlorite schists.

LPesURIPTIUN OF FHE GEORGIA UCCURRENCE
OF HYDRONYLAPATITE

The Georgia occurrence of hydroxylapatite crystals is in the serpentine
quarry located about two miles southwest of Holly Springs in Owﬁ.owﬁ,
County, about five miles north of the Cobb County :mm.,u,_% quarry T.
on a hill side in a rough, broken region near the head of one of the :.m‘m:_..
::._mm. of Blanket Creek. McCallie® described the deposit and the early
workings for talc and verde antique. He also described some of the ,.._,:_m.
_:.:.: and physical characteristics of the serpentine. .

'he area about the quarry is hilly country representing the foothills
of the Appalachian Mountains. The country rock of this region a.:.,_ c.w.
all the piedmont and mountain regions of ﬂmawmmm is of ancient .c_._.nm:
generally presumed to be pre-Cambrian or early paleozoic in age. H:a:”
are very _?s. recognizabie sediments and most rocks of the crystalline
area are 1gneous or metameorphic, The rocks compris g

tinguished group in this area of G i o r...._.mnm” _.__.f
: 1 S are: seorgia are those of the Carnlina series
:.r?..r vary from a hard biotite gneiss to mica schists, often cut by pe ;-
matite dikes. A particular facies of the Carolina series is known .:.M:”..m
Ashland schist. The serpentine quarry near Holly Springs is in a r.__,:.n:-
lar body of ultrabasic rock apparently intruded into the biotite gneiss
and Ashland schist. The ultrabasic body is approximately 130 feet s.&m
..m,ﬁ the ,ﬁmmﬂ portion near the center and is _,::u_..wz;ﬁ.,..,n_“.. 600 feet lon
Ihe sirike of the schistosity varies from N. 25° E. to N, 35° E., and ma.n.m”..
ages around N. 30° E. The dip is 83 degrees to the mec_rcumm although
folding makes this value somewhat uncertain. ...:535,:::m_/._m,.m miles
further southwest along the line of strike a similar body is said to out-
crop.*’ . .

T'he ultrabasic rock-body now consists mainly of hard serpentine and
dark green chlorite schist, both cut by veins of foliated tale of alight sea-
green ﬁ.c_a.:.. In H.:h_nmm the tale is bordered by crusts of magnesite of =.__
iron-bearing variety known as breunnerite.?s It is probably to be assumed
that :_.m mass was intruded as a peridotite and has changed in place :w
serpentine, .ﬁ.r_:lnn.. tale, and magnesite. There has vmnﬂ _d:mEm._..mEm
metamorphism as the talc varies in character from the beautiful green
..Tx“w?ﬁ;:?. 5. W., The marbles of Georgia, 2nd ed.: Geol. Survey Ga., Bull. 1, 114-116
QHHMHWWHHH._ .\“www”,_« .3:,. m.?;:ﬁ. i. the ervstalline rocks, geologic map of (ieorcia

T of Mines, Mining, and Geolvgy, Atlanta (1939).

Foshag, W. F. Personal communication to F. A. Daniel, December 15, 1930,
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micaceous, or foliated variety, to twisted radially crystallized masses of
lighter color, and in still other places toa dull gray mass illed with small
crystals of magnetite and chrowite. In some places magnetite crysials
were noted which had been fattened by gliding of vne face onn the other.
Some hardened talc was also noted, and this variety seemed to have a
surface quite suggestive of slickensides. The apatite occurs in the mica-
ceous talc, magnetite filled tale, and in the dark green chlorite schist.
A crvstal was noted which was formed squarely across the boundary of
talc and chlarite. The apatite crystals are normally of a lemon vellow
color, and usually of poorly developed crystal form, but some specimens
were found having an apple-green color.

There are places in the quarry where thin layers of chlorite alternate
with thin layers of tale, with the layers twisted and distorted by much
local folding. Such a mass of interlayered talc and chlorite grades into
serpentine of a hard, dark green variety. In some spots, the serpentine
has a purplish cast. Surfaces were found where ashestiform serpentine
had been developed.

Most ultrabasic rocks in the Georgia crystalline area, other than the
trap dikes of Triassic age, are generally considered as part of the Roan
gneiss, an ancient rock of somewhat doubtful age.” However, basic and
dioritic rocks are fairly common over the crystalline area of Georgia.
A dark green chlorite schist similar to that in the quarry is found as the
country rock of the famous Little Bob pyrite mine, 25 miles southwest of
the quarry. A basic injection into the pegmatite near Kennesaw Moun-
tain, 15 miles south, has changed the feldspar there into a high-calcium
plagioclase and has led to development of large hornblende crystals.
Other instances of basic rocks in the vicinity are known, but a connection
between them and the serpentine has not been established. No specimens
of hydroxylapatite have been reporied as found at other localities than
in the quarry.
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Significant Precision in Crystal Structural Details: Holly Springs Hydroxyapatite :ngpni‘:;
of refin
By K.SUDARSANAN AND R.A.YOUNG tool. Fi
Georgia Institute of Technology, Atlanta, Georgia 30332, U.S.A. the vari
pared w
(Received 28 February 1968 and in revised form 9 September 1968) in whicl
ferent, f
o ) ) . Moy St S Lo g G i The que
The degree to which physically significant precision in crystal-structural details can be obtained with d
selected routine procedures has been assessed and some illustrative applications to analyses of bonding and son
elfects and of impurity substitutions have been made. Least-squares refinements with X-ray data for thm“gh
three single crystals of mineral hydroxyapatite and with neutron dilfraction data for a fourth of the same ﬂll'e‘? dis
origin yielded Rﬁ-z% in exch case (=40 parameters adjusted and > 500 reflections). Seemingly minor specimer
extinction corrections improved the mutual agreement among separate measures of some parameters permissi
from 4e to the final lg (typically <35%) found for all, even anisotropic thermal, parameters in the tially ex
N-ray cases. Final results were insensitive to reasonable changes in the weighting scheme. Comparisons potentia
of X-ray and neutron resulls, which generally agreed within 2a, showed systematic differences associated 1 No st
with the oxygen atoms bonded to phosphorus in the phosphate group. Analysis of the final R-value fiee
also suggested (1) real differences, among the crystals, smaller than the o's associated with individual have be
parameters and (2) cither a systematic inadequacy of the refinement model, or similar residual systematic larly con
errors (such as thermal diffuse scattering contributions), in both neutron and X-ray data. Direct by Abra
refinement for the degree of fluorine substitution for OH in Ca,o(POs)(OH); led to the same result, 1964; At
8 at.% substitution, with both X-ray and ncutron data. Analysis of the decrements found with both able par.
X-ray and neutron data in the apparent site-occupancy factors for the Ca atoms’showed that a simple  factors a
substitution of Mg2* for Ca2!' at the same site is not in itself a sufficient substitutional model for this five singl
LR 5g, whet
determin
latroduction tical as po_qgiblc in composition_(an;], hfmce, in stric. tantalate
tural details) but not necessarily in size or mosaic | workers
The precision ordinarily obtained in crystal structure  spread. Hamiltor
refinements, even ‘precision structure refinements,’ is A morec important rcason [or the assessment of ) coordinat
far less than that which would seem Lo be intrinsically — precision is that a number of questions of fur reaching |  while the
available with present single crystal diffractometers  importance in the physics and chemistry of solids ap. | 50% (~
used in a well-chosen routine fashion, The ACA  pear to lend themselves to study by precision crystal. pendently
Single Crystal Intensity Data Project (Abrahams, lography. These include (1) anharmonicity in therma | Mueller ¢
Alexander, Furnas, Hamilton, Ladell, Okaya, Young motions (Willis, 1963, 1965), (2) actual electron wave | (Ueki, Za
& Zalkin, 1967) has shown how well several experi-  functions in crystals (McWeeny, 1951, Freeman, 1959) | coordinat
mental groups, cach interested in routine precision  (3) character, degree of dircction and electron content | while the
measurements of intensities, agreed on the measure-  of bonds (Dawson, 1964; McWeeny, 1951 Brill, 1950, poorer. C
ments of the same reflections Irom the same crystal  Coppens, 1968«,5), and (4) structural location and role | X-ray difl
(generally 3 to 5%). An LU.Cr. project of similar of impurity atoms in real crystals. In bricf, precision | peutron d
name undertook to determine how well a greater  crystallography should be expected to provide detailed | with the
variety of research groups, operating in approximately  determinutions of structural features of real crystalg, | parameter
their normal fashion, agreed on the measurements of  as opposcd to those of the idealized crystals. | the tempe
intensities [rom crystals [rom the same batch. As It now appears that Zachariasen's (1963, 1967) ex. | (~40). Fi
recently reported (Commission on Crystallographic Ap-  tinction-correction method has removed one of the | (19684,4)
paratus, 1966), the agreement in this second project is  major barriers to a reasonably successful reduction of | factors ob
presently much poorer, e.g. no better than approx- intensitics to |F|? values for many crystals. Newly | those from
imately 7% within a sub-set of most-similar results,  useful comparisons of |F|? values from different crys. | ip organic
Since X-ray apparatus is, presumably, stable to greater  tals can thus be made, permitting examination of the |
than 1%, and since counting statistical errors can also  real precision in physically significant quantitics such
be small, it is clear that there must be very significant  as the coordinate parameters, temperature factors, ang
differences in the details of the techniques (and, in the  atom multipliers obtained from least-squares refine. | For the 2
1.U.Cr. project case, perhaps the crystal sizes, shapes, ments. Physical interpretations may then be based op | specimens
and states of twinning) used by the various groups.  differences lying outside the limits of this demon. | tively, wer
In the context provided by these projects, it is of inter- - strated precision. With these limits established, bond. | gprings sc
esi to investigate how well a particular group can  ing and impurity studies, for example, may then pro. previously
reproduce its own results in a series of independent  ceed both directly and indirectly, the latter througy | (Kay, You
experiments using different specimens as nearly iden-  determination of the differences among specimens in| 1958). The
A C25B -
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espect to distortions of both actual and apparent
thermal motions, Significant precision in anisotropic
femperature factors 15, therefore, not only a good Lest
of refinement precision but also a practically useful
wol. Finally, the values obtained by X-ray means for
ihe various physical quantities studied may be com-
p;n-cd with those obtained from neutron diffraction,
in which many of the systematic errors would be dif-
[erent, for some indication of their possible accuracy,
The question of significance in the apparent precision,
snd something of accuracy, has been attacked here
rough comparison of results from X-ray studies of
dree distinet specimens and neutron studics of a fourth
gecimen, all of the same orjgin. The question of
permissible physical interpretations has then been par-
pally explored in an cflort to detegmine further the
tential value of precision crystallography.
No studies strictly comparable to the present one
pave been found in the literature. A somewhat simi-
frly conducted assessment of precision has been made
by Abrahams for X-ray studies ol NaCl (Abrahams,
1964; Abrahams & Bernstein, 1965). The only adjust-
ible parameters were the (wo Isotropic lemperature
petors and the agreement among the results for the
ive single crystals studied was, generally, within about
i, where ¢ was about 4% "ol the quantity being
getermined. Both X-ray and neutron studies of lithium
pntalate have been made by Abrahams, and co-
workers (Abrahams & Bernstein, 1967, Abrahams,
familton & Sequeira, 1967), who found the positional
pordinates agreed to within® about one g (~0:003)
ghile the thermal parameters disagreed by as much as
9% (~2a). Thorium pentahydrate has been inde-
adently analyzed by neutron diffraction (Taylor,
\ueller & Hitterman, 1966) and by X-ray diffraction
{Ueki, Zalkin & Templeton, 1966) with the result that
qordinate parameters agreed within about 0-003 (~3a)
yile the agreement for the thermal parameters was
corer. Calcium tungstate has been studied both by
yray diffraction (Zalkin & Templeton, 1964) and by
gutron diffraction (Kay, Frazer & Almodovar, 1964)
with the result that the three independent coordinate
srameters agreed within @ (~0-001) while some of
e temperature factors disagreed by more than 25%
[,,45)_ Finally, both Trueblood (1967) and Coppens
. []963a’b) have recently reported that 1?_1& temperature
fsctors obtained from X-ray data consistently exceed
rose from neutron data, especially for the light atoms

P organic crystals.

Experimental technigue

for the X-ray studies three spherical single-crystal

cimens of 0-17, (-21, and 0-18 mm radius, respec-
atly, were separately prepared from the same Holly
fngs source of mineral hydroxyapatite. For this
viously studied material the space group is P6;/m
] Ka}:,\’oung & Posner, 1964 Posner, Perloff & Diorio,
1 958). The values a=9424 and c=6-879 A were found
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to be satisfuctory for predetermination of X-ray re-
flection angles and, hence, are probably correct to
within 0004 A for these specimens. Intensity data
were collected with a punched-tape controlled single-
crystal diffractometer and filtered Mo Ko radiation.
The scanning range required had been determined
previously by a brief manual survey. A survey run was
then made under automatic control at the rate off ~700
reflections per day. This survey provided information
from which the final data-collection program was pre-
pared with scanning speeds and background counting
ranges adjusted to yield ~ 1% counting statistics in the
net intensity, subject to a maximum scanning time of 14
minutes. Those reflections which showed obviously
abnormal character on the strip-chart recording, used
for 100% visual monitoring of the data, were discarded.

Single-filter 20 scans were used in the range 25°<
20<100. For one specimen (X-23-4), 60 reflections
were measured with balanced-filter e-scans in the
range 20<25° In the 2f-scans, backgrounds were
measured only on the high-aagle side for 20 <60° and
on both sides of the peak for larger 20. In the w-scans,
four measures were required to establish the back-
ground (Young, 1965). A particular ‘standard’ reflec-
tion was remeasured every two or three hours. If two
such successive measures did not agree within 1% the
intervening data were discarded. Experiecnce over
several years with the reproducibility of intensities of
various reflections from many specimens of Holly
Springs hydroxyapatite has indicated that no radiation
damage effects, from the incident beam, should be
expected in the data. Thus, only one reflection was
ordinarily used as standard.

Absorption corrections were based on the tabular
data in Tnternational Tables for X-ray Crystallograply
(1959). The polarization factor for the kinematic case
only was used in the initial data reduction.

Multiple-reflection errors were directly assessed in
two ways and are thought not to be serious. The inten-
sities of each of 30 reflections for which, finally,
|| Fol2—|Fel?| =30 were monitored as the crystal was
rotated ~20° about the particular diffraction vector.
Generally, the visible multiple-reflection effects were
not strong, though in one case (112) a 5% decrease in
intensity was noted at the approximate orientation
used for data collection. A second test was made by
re-collection, with differing specimen orientation about
the diffraction vector, of 65 reflections of mixed strong
and weak character. Using subscripts to indicate
the data set, we found (f;—L)/(c%+c3)/2>3 for 7
cases but <35-3 for all. Finally, comparisons of |F,J?
and {Fg]* show no consistent excess of |Fg|? over |F;|?
for the weuk rcflections, as might have been expected
if multiple reflection effects were an important source
of error.

Progress of structure refinements

Table | shows the weighted and non-weighted R values
at different stages of refinement. X-23-4, X-23-6, and
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X-23-10 refer to the X-ray data collected on three
different crystals. For all but the final cycles, least-
squares refinements on |#]? and an additional cycle on
|F| were carried out with an Algol version (Gallaher
& Kay, 1964) of the full-matrix Busing, Martin & Levy
(1962) program. For the X-ray cases, the hydrogen
parameters were kept fixed at the values given by
neutron diffraction. Atomic scattering factors for Ca?',
P+ and O were laken from International Tables for
X-ray Crystaillography (1962). For these refinement
cycles the Ca?* values were modified by the real part
of the anemalous dispersion term given in the same
Tables. The various R values used are defined as

Ry=Z || Foln— st & ||} Z | Fol™,

W R“ - {)_.‘ [“'U:(“':o! W [!,[*‘*)]zfl [}“.'Ir:-!lr"ul"]l}”: s “)

=

where s is cither 1 or 2 and w is the reciprocal variance,
as discussed later. After several cycles of refinement
the R, values were those shown in the ‘Before extine-
tion correction’ columns of Table 1. At this stage the
observed structure factors were corrected for secondary
extinction with Zachariasen’s approximate method
(Zachariasen, 1963).

The mutual agreement factors, Rar, between sets of
optimally-scaled extinction-corrected |F|2 values for
the different crystals were then found to be about RN
where

Rap=E [|FmP—1FmlPl) 2 1 Fuil? (2)

H H

and where |Fui|2-and [Fp,|? refer to the same reflec-
tions, with indices fdicated by H, as observed with
X-rays [rom two different crystals. In view of this
good agreement (in |F|2, not ), those reflection data
seriously compromiscd by erratic instrument perfor-
mance {e.¢. a scaler digit being dropped in the read-out)
were culled out by requiring that the various mutually-
scaled and extinction-corrected measures of the same
[F?| value agree to within 5a, or the data for that
reflection be discarded [ given by equation (3)]. After
the culling, which removed 6 reflections and changed
the R, value by 0-1%, the extinction corrections were
applied with the results shown in the "After extinction
correction” column of Table 1.

Since mineral apatites invariably show forcign ion
substitution, atomic multiplying factors were also re-
fined. Only the multipliers for Ca, O(H) and H showed
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shifts, from stoichiometric values, greater than one
standard deviation. In subsequent refinements the
other multipliers were therefore kept fixed at their
stoichiometric values.

Various chemical analyses (Smith, 1967; Kay, Young
& Posner. 1964: Mitchell, Faust, Hendricks & Rey-
nolds, 1943) of Holly Springs hydroxyapatite hav
indicated the presence of fluorine to the extent of
variously, 0-16 to 0-28 wt.%. Other impurities, such g
Mn and Mg were reported to be present in much,
smaller amounts. Hence fluorine was introduced in the
refinement model at 0,0,}, ie. in the same position a
in fluorapatite. Strong correlation between the mulii
plying factor for this F and the O(H) thwarted their

simultancous refinement with the X-ray data. Since i
was expected that F was substituted for OH-, the
O(H) multiplicr and all other variable parameters werg|
successively refined with the F multiplier fixed at each
of several values. With the F multiplier corresponding
to 0:32 wt.%, whR, was effectively minimized and thy
sum of the mulsipliers of O(H) and F equalled th
stoichiometric value for O(H). Further, and perhap
more significantly, the O(H) multipliers agreed for the
X-ray and the neutron cases and, in the neutron Cas;
essentially the same value was independently obtaing
for the multipliers of both O(H) and H. |

Finally, one last refinement cycle was carried o
for each X-ray specimen with the Johnson (1966) ver
sion of the Busing, Martin & Levy program incor,
porating both real and imaginary parts of the anomg),
ous dispersion terms for Ca and P. The effect of thic
incorporation of the additional anomalous dispersig
terms was very small, changing less than one third o
the parameters by as much as one unit in the fourg!
significant figure and nonc of them by as much as og
standard deviation. Although thc non-weighted
value was reduced in each case (from 3-3 to 3-1% i
the largest case, X-23-4) the weighted R; value wy
not changed by this final cycle.

Results of refinements

As Table 1 shows, the final weighted R; values (r‘_,§
those based on |F|) for the three crystals were aboy
29, . Structure factor values are provided in the A;
pendix.

Table 1. Reliability factors at various stages i
W Ra (7o) Ry (%)
Before After Before After
Number extinc-  extine- exting-  extine-
of tion tion tion tion Extinction
reflec-  correc-  correc- Ry (%) corree-  correc- Ry (%) parameter,
Specimen tions tion tion Final Final tion tion Final Final
X-23-4 725 4-9 4-6 3-9 20 3-8 35 31 23 0:0027
X-23-6 733 6-2 49 37 |2 54 35 3:1 22 0-0030
X-231-10 52) 51 48 4-2 2:3 3-8 3-5 33 2.3 0-0036
Mzatroa 15} 11-8 4-8 45 2-3 16-3 4-4 4-1 23 00212
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s Table 2 gives the final determinations of the various
the | wtomic parameters for cach of the four crystals. For
iy the three X-ray cascs, all of the separate determinations
' of the same parameter agree within one standard
wung | deviation, even for the cross-terms of the temperature
Rey- | factors. This excellent agreement of the parameters
lave | confirms that the estimated st‘:mdard deviations,
ioof, though small, are f‘:i‘ correct magnitude.
ol oag The neutron diffraction data collected by K;}y.
much | Young, & Posner (1964) were here corrected anew !_or
in the | extinction by means of Zachariasen’s expression with
lon as | appropriate modifications, and the positional and ther-
multi- | mal parameters and the atomic multipliers were re-
i their | fined. In comparing the neutron :md_X-.ruy results given
ince it | in Table 2, onc finds agreemint within one standard
i, the geviation for all the positional parumeters except that
rs were | of the hydroxyl oxygen, O(H), for wvhifvsh the agreement
At cach | is still within three standard deviations. Of the 26
onding independent thermal paramaters, 20 agree within one
nd the sandard deviation, thrc‘e agree within two s?amdard
led the | geviations and l_hc remaining three agree within Ihr‘cc
nerhaps | standard deviations. However, even these small dis-
! {or Lhe | agreements secm to show some systematic character
on case, | that is physically reasonable, us will be discussed later.
ybtained .
Possible contributions to &
nied oul i
960) ver| Although the final R values are '.goud'. one may
m incor] kgitimately ask why, with 1% statistics as the experi-
; anomalt mental goal for most reflections, t_he Rz‘ values were
«t of thifgot still lower. Further, tht question of the physical
Taersigy sgnificance of differences in R values at this level
Jhird gffarises. We therefore estimate the known contributions
e Tourgito & and Rz; the balance must be the result of uncor-
ach as on geted short-term variations in overall performance of

ighted Rbthe diffraction instrument, inadequacy ol the model
o 3-1% ilynd other unknown systematic errors.

salue w ; o
\ : () Counting statistics

The standard deviation, o, in cach net intensity due
o ¢rTors in counting statistics was calculated with the

o=C+G|F]? (3)
were abg ; ; S
‘o the Akhere €y is 4 constant representing the minimum
sectable intensity and for the 20 scan case (Young,
965)

In (4)

. L+l +21)/ 72
e [ HO
here [y =nct intensity measured, t=ratio of the time
at in measuring the peak intensity to that spent on
ckeround, and ¥ =signal-to-noise ratio. For the
anced filter cw-scans the relation

Extinction
e Co=[L+ L+ U + Do)tV Iy (5)
00027 koysed. 7, and 1 are the gross peak intensities while
u-t)‘%’l}*"«g and /o are the background intensitics (sampled at
85311 i sides of the peak) for e-scans made with the first
—~
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and sccond filter, respectively. The net intensity is given
by In= l| — 0(2-— (fiy — f{bg)f-

To find the possible contribution to R, from counting
statistics we calculated the R, values to be expected
as a result of an intensity measurement error of one
standard deviation, ie. (Zo){(Z |F,]?) for the un-
weighted, and (NV2)/[Z w(]F,|2)2]"2 for the weighted,
case where N is the number of observations and w is
the weight for each observation. Table 3 gives these
calculated values, which indicate the most probable
values of nonweighted and weighted R; factors that
could bz expected even il the model described the real

structure perfectly and the data were free of all sys-
tematic errors.

(2) Absorption correction

The crystals used were ground to approximate
spheres of radii 0-17, 0-21 and 0-18 mm with respec-
tive 2R values of 0-49, 0:62, and 0-52. The maximum
deviation of the crystal radii from the spherical value
wis approximately 0-01 mm. For these values of uR,
uncertainty in the absorption correction due to a
variation in the radii of approximately 0-01 mm is less
than 0-6% in the worst case, and is therefore certainly
less than 0-3% on the average.

Treating the components of R, in Table 3 as inde-
pendent random variables indicates that in each case
a substantial contribution to R, remains unaccounted
for by the known random errors. Presumably the quan-
tities in the *Remaining component’ columns in Table
3 are then due in large part to the combined effects of
erratic machine operation (thought to be <0-5%, as
assessed by separate reproducibility tests), the degree
to which the model lails to represent the real crystal by
reason ol oversimplification, and residual systematic
errors common lo both the X-ray and neutron cases.
An obvious source of such systematic error is the
thermal diffuse scattering (TDS) contribution to ap-
parent Bragg intensities (Young, 1965; Nilsson, 1957,
1959). Although it is clearly needed, no correction for
TDS contribution has been undertaken in the present
work.

Sensitivity of R and parameters to various factors
Weighting scheme

So much has been written about weighting schemes
that one tends to feel the choice must be important,
perhaps even in the final stages of refinement. The
weight for each reflection was estimated from the cal-
culated standard deviation and the function minimized
was Zu(|Fol2—|Fe?)2 In all cases Zw(A|F[2)%/(m—n)
was found to be more than 2-5, where A|F|12=|F.|*—
[F)2, m is the total number of observations and n the
number of parameters varied. As a check on the
weights used, the complete set of |Fp|? values was
divided into 12 ranges in |[/5]? and the average values
of w(|Fa2=1F:]?) in cach range werc plotted against
the corresponding average values of |Fy|2. The plot was
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concave upward. The standard deviation for cach ob-
servation was then revised to

7' =Ci+ ClFP+ G+ Gl F? (6)

where the constants Cy and C, were assigned values
such that the revised weights gave a ‘fairly good’
straight line of zero slope for the plot w(|Fol? — | Fecl?)av
versus |Fol2,. In subsequent least-squares refinements
with the altered weights it was found that the shift in
the parameters was less than one standard deviation.
There was no change >0-1% in the unweighted R
values but the weighted R, factors increased, in the
worst case, from 4-6% to 5-0% and X w(d|F|2)?*/(m—n)
was finally found o be between 1-4 and 1-6. The
change in weighting was, in general, different for cach
reflection. However, sincg the unweighted R, values
were not changed significantly, some kind of “average’
fractional change in weights is indicated by the
change in Zu(d|F|22/(m—n), i.e. ~40%. The results
reported in Table 2 came from refincments based on
the standard deviations calculated with equation (3).

Extinction corrections

The secondary extinction correction, though seem-
ingly slight [i.e. changing Ry(|F|?) from 5-4% to 3-3%
in the worst case] was important to the excellent agree-
ment finally found; prior to application of the extine-
tion correction some ol the temperature parameters
differed by more than four standard deviations. Table
4 shows explicitly the relatively large effect which
small corrections lad on some of the independent
parameters, the hydroxyl oxygen being chosen for the
example because it exhibited the largest effects.

Since the extinction correction differed among the
crystals, yet iterative application of it brought about
agreement among previously differing measures of the
same parameters, the correction may be accounted suc-
cessful, necessary, and correctly applied here.

Sensitivity of R to parameter differences

In view of the small R values, a natural question is
(o whal extent are improvements in R associated with
significant changes in parameters. The final param-
eters for cases X-23-6 and X-23-4 were interchanged
and the R, value recalculated with the result that R,
increased from 3-2% to 40% and 34% to 4:2% -
rather large changes in the present context. By Hamil-
ton’s (1963) R-ratio test these changes would be signi-
ficant at more than the 99-5% level. Thus it seems
probable that some real differences do exist, probably
both in the crystals themselves and in the systematic
errors associated with each, and these arc indicated
in Table 2, even though their effects on the parameters
are smaller than the statistical standard deviations in
the individual refinements.

Physical interpretations of results

It is evident from Table 2 that the atoms are con-
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sistently located and the thermal parameters arc con-
sistently determined with precision by this set of struc.
ture refinements. That accuracy as well as precision
has been approached with these X-ray analyses is sug.
gested by the agreement between X-ray and neutron
results; however, corrections for TDS and any other
sources of systematic error common to both technigues
would have to be made before accuracy could be
claimed. Nonetheless, the precision obtained and the
raction of the final R nor due to statistical lactor
would seem to be possibly sufficient to support furthe
examination of the thermal motions for anharmonic
character such as has concerned Willis (1963, 1965) i
UO, and CaF,. Possible asymmetry of form factor
might also bz investigated by way of an apparent ap.

harmonic contribution to the thermal parametey]
(Dawson, 1964). However, no such examinations hay; |

been undertaken here, one reason being that for suc)
purposes the data could usefully be made still betig
by the use of longer counting times.

An apparent ¢ffect of bonding character does occy
in Table 2. First, one notices that the thermal param
eters of the oxygen atoms in the phosphate group ar

consistently measured larger with X-rays than wit)
neutrons, whereas lor the other atoms there does el
appear (o be a consistent pattern of difference. Sing!
the P-O bonds are the only ones present which woulj|
be expected to have substantial covalent character, i
is in the thermal parameters of these oxygen utom
in particular, that onc might then expect most easi|
to see neutron vs. X-ray differences due to
redistribution and probable anisotropy of the eleckml!
density associated with bonding. Conversion of t
temperature factors of the oxygen atoms to therm;!
cllipsoids was done with an Algol version (Gallah!
& Taylor, 1964) of the Busing, Martin & Levy (196
Function and Error Program. The principal-axis day
are given in Table 5. For all three atoms the smalle
principal axis lies along the P-O bond direction, ¢
expected. However, both X-ray and ncutron refin
ments yield essentially the same lengths for this pring
pal axis. The X-ray vs. neutron differences shown
the f#; values of Oqpr in Table 2 therefore actually ariy
from differences in the real or apparent thermal vibr,
tions perpendicular to the P-O bond. For these dir
tions the individual X-ray vs. neutron principal-ax
results differ by 1-4a in one case, ~2-5g in lwo cas;
and ~4s in three cases. Statistical significance
these differences is strongly enhanced by the fact th
they are all in the same direction with an aversy
difference of about 3o.
This excess of apparent thermal motion perps
dicular to the P=O bond in the X-ray case may ocg
because some experimental error has enlarged the g
parent X-ray temperature factors or decreased i
apparcnt neutron temperature factors, but it is n
obvious why the oxygen atoms should be preferentis
so alfected. Tt seems more probable that this appare,
cxcess may be physically interpretable in terms 4

i
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crystal-field effects or bonding effects, as described
above, on the atomic wave functions. However, a

=~ thorough investigation of that point is left for future
work in which the comparisons can be based on sets
! of data for which internal consistency of several sets
e has also been shown for the neutron data, as it has
Ul been here for the X-ray data. It does appear that,
e compared to neatron results, this excess in the X-ray
qe | determined thermal parameter of the lighter atoms may
v | pecome commonly observed, as both Trueblood (1967)
ar and Coppens (19684,8) have noted similar differences
ic | pecurring for some organic crystals.
in A sceond aspeet which invites physical interpretation
s} gs the matter of deficiencies in certain tons as indicated
n- | pythe final atom-multiplying factors, shown in Table 6.
ars | Jt is encouraging that the X-ray and.neutron results
we | ggree so well. Yet, since the scattering powers of atoms
ch | giffer for X-rays and ncutrons in an irregular way,
ter
ur
ii-
are X 2 z B
fith O !
X-23-4 32B4(2) 4848 (2) 2300 392
a0t X-23-6 A2 (2} 4846(2) 2500 17 (2)
ace X-23-10 3252 (2 4¥47(2) 2500 40 (2)
uld Neutron 3282 (2) 4846 (1) 2300 35(1)
5 it On
ms, N-21-4 S873 (2) 4651 (2) 2500 20(1)
sily X-23-6 SSTE(2)  4649(2) 2500 18 (1)
the X-23-10 S872(2) 4652.(2) 2500 19 (1)
,..\“ Neutron SET6 (1) 4652 (1) 2500 20 (1)
1 :
n Oin
mal N-23-4 3437 (2) 2579 (1) 702 (2) 92 (2)
i X-23-6 3434(2) 2579 (2) 04 (2)  89(2)
ther X-23-10  3438()) 2581 (2) 7042 87 (2
964) Neutron 3433 (1) 2579 (1) 704 (1) 84 (1)
iatg P
Hest =214 3987 (2) 3685 (1) 2500 19(1)
, 4as X-23-6 3985 (2) 3684 (1) 23500 18 (1)
fine- | X-23-10 3987 (2) 3685 (1) 2500 20 (1)
SR Neutron 3983 (1) 3683 (1) 2500 18 (1)
inci-
o in Cay
arise | X234 3333 6667 15(1) 311
b X-23-6 3333 6667 14 (1) EREY]
(L X-23-10 3333 6667 14 (1) 32(D
rec- Newlron 3333 6667 13 (1) 33 (1)
-a H
] 24 Can
Zases X-23-4 2468 (2) Q934 (1) 2500 21 (1)
e of X-23-6 2465 (1) 9933 (1} 2500 21 ()
that X-23-10 2468 (2) 9934 (1) 2500 21 (1)
“rage Nettron 2465 (1) 0931 (1) 2500 24 (1)
o)
Tpen- X-23-4 0 0 1950 (7y  25(2)
ey X-23-6 0 0 1960 (6) 26 (3)
L %X-23-10 0 0 1955 (8) 26 (3)
? ap- Neulron 0 0 1978 (7)  25(2)
tothe :
5 hot X-23-4 0 0 608 129
Lally X-23-6 0 0 608 12
arent | X-23-10 1] 0 608 129
as of Neutron 0 0 608 (14) 129 (8)
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complete agreement among the multipliers would be
physically realistic only in cases in which the correct
ions in the correct proportions have been included in
the refinement model. Such a situation would occur
naturally only for thz stoichiomztric case. It can be
produced in the non-stoichiometric case by explicit
introduction of impurity ions, at their proper locations,
into the refincment model, as was done here for F
substitution for O(H). But even without explicit sub-
stitution in the model, the expected X-ray vs. neutron
differences make possible some consistency tests of
substitutional models postulated to account for specific
deficiencies such as, in this case, the apparent Ca
deficiency. A test may be devised as follows. In the
refinement of the neutron data, consider the cffect on
the multiplier of atom 1 if a fraction, x, of its sites are
filled instead with atom 2, the scattering lengths being
b, and by, respectively. It is necessary that

Table 2. Positional coordiates aned thermal parameters of Holly Springs hyvdroxyapatite
P 2 Vooapriigs i, yap

Values x 104, standard deviations given in parentheses for parameters vafied.

B2z Fsa Fiz B3 fas
o 54 (2) 27 (1) 0 0
29 (2) 55 (2) 25(H 0 0
29 (1) 54.42) 26(1) 0 0
28 (1) 44 (2) 24 (1) 0 0
26 (1) 96 (3) 9(I) 0 0
28 (2) 97(2) 10 (1) 0 0
28 (2) 102 (3) 11 (1) ] 0
A4(1) 892 9N 0 0
42 () 49 (2) 45(2) —41(2) =27 (1)
43 (2) 53 (2) 44.(2) —38(2) —-26(1)
45(2) 53(2) 44 (2) —42(2) —24(2)
39 (1) 44 (1) 43 (2) —34(2) =21 (1)
17 (D) 25(1) 10 (1) 4] 0
17 (1) 27(1) 10 (1) 0 0
17y 27 () LD 0 0
20¢1) 262 9() 0 0
A 18 (2) Bia/2 0 0
B 21 (2) fi/2 0 0
A 22(2) ni2 0 0
B 242 fnl2 0 0
23(1) 28 (1) 10 (1) 0 0
21 31(1) 10 (1) 0 0
24 (1) 300 101 Q 0
25(2) 30(2) 12(1) 0 0
fii 102 (8) B2 Q 0
A 95 (7 P2 0 4]

1 98 (8) P12 0 0
P 101 (8) P12 0 0
By 104 B2 4] 4]
Py 104 2 0 0
B 104 sl 1]

f 104 (12) ff||.*'2 0

.

h
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{1—_\')bl+_\'bz:{‘_y)b1 ] (?)

where y is the fractional decrement in the multiplier
of atom 1. (Note that p could be negative.) Then

y=y/[1—(by/b))] - (8)
A somewhat similar relation must hold for the X-ray
results, but here by and b5, must be replaced by (f3)
and (f;y, the effective values of the atomic scattering
factors f; and /f; properly weighted and averaged over
the sin /) range used in the experiment.

According to the chemical analyses, somz Mg 15
present in Holly Springs hydroxyapatite. As one ex-
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ample of how data of the type obtained from these |
refinements may be used to assess substitutional |
models, we test for the substitution of Mg for Ca at ]r
the same site. The scattering lengths are bea =049 x |
10 2em and bup=0-35%10"12¢m. The arithmetic- |
mcan value of the multiplying factor measured with

X-rays is 0-3246 for Cay and 0-4828 for Carr. Over the

range 0-2<sin 0/2<0-9 the ratio fug?t/fea2t runs |
from 0-65 to 0-40. For the sake of our, thus naccs~,J
sarily rough, calculation, we will use 0+5 for the ef-|
fective average value of this ratio for our data. Table |
7 shows the results for the degree of substitution as

calculated from equation (8).

i

. Table 3. Apparent components of Ry and wR, values |

From !

eaunting statistics Observed Remaining !

. , final values component |

12 g e From !

LiFe VI w(|Ff2)2  absorption Rs Wi, Ry whRy' |
Specimen (%) (%) (%) (%) (%) (%) (%)
X-23-4 2-0 21 0-3 31 39 23 33
X-23-6 I 1-2 0-3 | 37 - 2-8 35
X-23-10 1-9 20 03 33 4-2 2.7 37

Table 4. Effect of small corrections as shown in independent parameters of O(H)

Parameters (a)x 104

Refinement®, = ¥ iy z fn fn Ry (%) wRa (%)
X-23-64 0 0 2037 (39) 19 (4) 462 (16) S-4 62
X 2368 0 4] 2028 (8) 291 100 (1) X6 46 i
X-23-6C 0 0 1969 (6) 26 (3) 94 (7 32 37

* A No extinction correction.
B Extinction correction applied.

¢ Extinction correction applied. F impurity (0:32 wt %) introduced at fixed position, multipliers of Ca and O(H) varie

Table 5. Thermual ellipsoid aves

r.m.s. values and () in A = 10

Axis ~ perpendicu- |

Axis parallel lar to P-O [
o P-0 Axis along z and Ca-O Remaining axis |
X-ray MNeutron X-ray Neutron X-ray Neutron X-ray Meutron I
0Oy 68 (3) 67 (3) 114 (2) 103 (2) 120 (2) 113 (2) |
On 82 (3) 82 (3) 153 (2) 146 (2) . 101 (2) 96 (3) |
O 73 (3) 76 (3) 192 (2) 180 (2) 101 (2) 90 (2)
Table 6, Structural models for substitutions
Multiplving lictors (g) = 108
Ca: Can O(H)
Belore Afler Before After Belore Alter |
refine- refine- refine- refine- refine- refine- '
Specimen ment ment ment ment ment ment
X-23-4 3333 3234 (11 SO0 4852 (14) 1666 1525 (20)
X-23-6 3216 (13) 4870 (18) 1494 (24)
X 23-10 3259 (18) 4837 (24) 1515 (28) |
Neutron 3226 (13) 4817 (14 1541 (13)

Tabl

Cay
Cay
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\ese | Table 7. Consisiency check of substitutional model However, even though very generous estimates of
nal Katition sake X-ray cdse possible error in Table 7 are made, the X-ray-based
L at W%)  bafbr (%) (%) {A)I) x(%)  and neutron-based estimates of x disagree. This failure
- Cii 321 0715 [1+2 301 05 60 of the consistency check is itself informative, for it
Can 366 12+2 2:96 59 may therefore be concluded that the observed Ca-
APPENDIX
Squares of structure amplitudes (X-ray) .
Specimens to which the values refer are identified by numbers at the head of each column.
a as
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» APPENDIX (cont.)
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multiplier decrements do not arise from a simple sub-
stitution of Mg for Ca. While there may be some sub-
stitution of Mg for Ca at the same site, it is clear that
other substitutions, perhaps at other sites, and prob-
ably of other atoms or even vacancies, must also exist
in these specimens.
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