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Studies by XRD and FTIR analyses of the structure of Sokli and Siilinjérvi
apatites and a comparison with the Kola and Kovdor apatites are presented. In
the structure of apatites from Finland the occurrence of F...OH and F...OH...F
bonds and the incorporation of CO,* ions into A and B positions were estab-

lished.
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INTRODUCTION

Fluorapatite Ca,,(PO,)¢F, is assumed to be a ba-
sic mineral of phosphate rocks. Its crystal struc-
ture is hexagonal, symmetry group P6,/m. The
actual composition of natural apatites differs from
that of the idealized apatite composition. It may
include different isomorphous substituents. For
magmatic apatites, substitutions on the cationic
side and on the hexagonal axis of the apatite crys-
tal are frequent; for sedimentary apatites
(phosphorites), besides these, there are also sub-
stitutions for PO,*, particularly by CO;*. As a
result of metamorphism and weathering, the lat-
ter type of substitutions may occur also in prima-
rily magmatic apatites.

The composition and structure of apatite from
the Kola Peninsula (northwestern Russia) corre-

sponds relatively well to ideal fluorapatite. The
apatites of other apatite deposits in northern Eu-
rope (Kovdor in North Karelia, Russia, Siilinjdrvi
and Sokli in Finland, and Kiruna in Sweden) rep-
resent fluorhydroxyapatites (or fluorhydroxyl-
apatites) Ca,,(PO,)¢F,.,(OH), (Veiderma & Knu-
bovets 1991, Veiderma et al. 1996). The geologi-
cal characteristics of the Siilinjédrvi and Sokli car-
bonatite complexes were studied by Puustinen
(1971) and Vartiainen (1980), respectively, but up
to the present there are no data published on the
fine crystal structure of the apatites of these com-
plexes.

A review of the infrared (IR) spectra of hy-
droxyapatite and the appearence of additional
stretching and liberational bands caused by the re-
placement of OH- ions by F- ions has been given
in a monograph by Elliott (1994). The structure
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Table 1. Characteristics of the apatite samples (chemical composition, wt.%).

Siilinjérvi Sokli Kola Kovdor
primary (a) weathered (b)

P,0; 36.4 354 38.7 39.6 36.5

CaO 531 48.7 51.9 52.0 51.1

MgO 1.4 4.1 1.9 0.2 2.7

F 2.4 1.6 1.8 33 1.0

CO, 4.4 4.6 3.6 - 34

CO,* 1.1 0.9 1.6 - 0.2

F, atom/mole 1.48 1.01 1.04 1.87 0.61

Unit cell parameters, A

a,+0.002 9.402 9.390 9.388 9.384 9.403

¢, +0.005 6.904 6.884 6.886 6.893 6.884

Accompanying calcite dolomite dolomite quartz calcite

minerals phlogopite dolomite
forsterite

* After treatment by triammonium citrate solution for elimination of carbonates (Silverman et al. 1952).

of biological and synthetic apatites has been
studied by Fourier transformation infrared (FTIR)
analysis during the past decade by Gadaleta et al.
(1996), Penel et al. (1997), Rehman and Bonfield
(1997), and Suetsugu et al. (1998) and of natural
apatites by Regnier et al. (1994). In the domain
(3500-3600 cm!) of OH groups stretching mode
of fluorhydroxyapatites two bands at 3573 and
3537 cm! were observed in FTIR spectra.

The curve-fitting analysis of FTIR spectra that
enables to extract more information about the un-
derlying peaks by calculating the height, width,
position, etc. is seldomly used. Gadaleta et al.
(1996) used this in the domain of PO,* ions vi-
brations at 650-500 cm™ and 1100-900 cm™! for
evaluation of the subtle spectral changes in hy-
droxyapatites occurring during the maturation of
crystals.

The aim of this work was to study the use of
FTIR spectroscopy and curve-fitting analysis of
the obtained spectra for determination of the struc-
tural properties of apatites from Finland and the
comparison of these with the properties of apatites
from the Kola and Kovdor deposits.

MATERIALS AND METHODS

The Siilinjédrvi apatite sample represents a typical

concentrate obtained in the Siilinjédrvi Plant by flo-
tation of apatite rock; the Sokli apatite samples
were obtained by experimental enrichment of pri-
mary (Sample 1) and weathered (Sample 2) apa-
tite rock. For comparison, data on commercial
Kola and Kovdor apatites were also included in
the study. The calculated content of apatite in the
samples is in the range of 83-94 %. The remai-
ning part of accompanying minerals in amounts
6—17 % is represented mainly by calcite, dolomi-
te, forsterite, phlogopite, and quartz (Table 1).

The chemical composition of the apatite sam-
ples is presented in Table 1 together with some
other characteristics. P was determined spectro-
scopically as phosphomolybdate yellow complex,
Ca by titration with MnO,, Mg by AAS, F by an
ion-selective electrode from solution obtained by
hydrothermal destruction of the sample and sub-
sequent absorption of evolved HF into water, and
CO, by gravimetric analysis.

The FTIR spectra of apatites were recorded with
a Nicolet ZDX FTIR spectrophotometer. The sam-
ples were pressed into KBr pellets (5 or 1 mg of
sample per 300 mg KBr) under vacuum at a pres-
sure of 0.1 Pa. An analysis of the line shape of
the OH bands in the FTIR spectra was performed
by means of the Peak Fitting Program (PFP) “Ga-
lactic” (“Galactic peaksolve” 1995). Before the
fitting procedure was applied the experimental
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data were smoothed by the Savitsky-Golay algo-
rithm which convolutes a polynomial with the
experimental spectrum.

The x-ray diffraction (XRD) analysis was car-
ried out with a DRON-4 Diffractometer using Cu
K, radiation at 40 kV, 20 mA. The samples were
scanned in the range of 8—60° 20 with a step size
of 0.04°.

ANALYSIS AND DISCUSSION

The chemical analyses show that, in their fluori-
ne content, the Finnish apatites lie between the
Kola and Kovdor apatites. The content of fluori-
ne in the Siilinjdrvi apatite is substantially higher
(1.48 atoms/mole) in comparison with the Sokli
apatites (1.01 and 1.04 atoms/mole). The entering
of CO,> ions into the apatite structure, particularly
that of the weathered sample of Sokli, was assu-
med. This was confirmed by the FTIR analysis.

The XRD patterns of the apatites show slight
shifts in peak positions and intensities in compar-
ison with the fluorapatite spectrum (ICDD PDF-
2 Card No 15-876). The apatite mineral of the
weathered Sokli apatite was identified by card No
21-145 as carbonatefluorapatite; in the other sam-
ples as fluorhydroxycarbonateapatite (card No 31—
267). The unit cell parameter a, varies from 9.384
to 9.408 A and depends on the substitutions (OH-
for F-, CO5* for PO,* or OH- and others) and the
differences of the ion positions in the apatite struc-
ture, specified more thoroughly by means of IR
spectra. The main accompanying minerals in the
apatite samples identified by XRD analysis are
presented in Table 1.

In the IR absorption spectra of the samples the
typical bands for apatite of PO,*, asymmetric de-
formation v, at 601 and 570 cm™!' , symmetric va-
lence v, oscillation at 963 cm! and asymmetric
valence v, oscillations at 1093 and 1042 cm! are
represented (Fig. 1). The bands belonging to the
OH-ions on the hexagonal axis of the crystal (Figs.
2a and 3), to CO,* groups in the PO,* position
or in the hexagonal axis (Fig. 4), and probably to
P-O-P bands, are also revealed.

In the domain of the OH stretching modes of

the interval at 3500-3600 cm™! two bands can be
seen. Decomposition of the OH bands by PFP
“Galactic” and the residual trace are presented in
Fig. 2b, and the results of the analysis in Table 2.

The most intensive OH stretching mode in the
IR spectrum of the Kola fluorapatite is located at
3536 cm!. This band belongs to the OH stretch-
ing mode in the hydrogen bond F...OH...F. The
Kovdor apatite, in which the fluorine content is
the lowest, shows three intensive bands at
3568, 3547 and 3534 cm™ and a weak band at
3584 cm!. The intensive bands can be attributed
to two nonequivalent hydrogen bonds: OH:--F
(3534 cm!) and OH:--F---HO (3547 cm™) (Freund
& Knobel 1977), and the band at 3568 cm™! prob-
ably to the hydrogen bond OH---O (Elliott 1994).
The most intensive OH stretching mode in the
spectra of the Siilinjarvi and Sokli apatites is at
about 3537 cm!. The other bands, excluding the
band at 3552 cm! absent from the Kola apatite
spectrum, also coincide, but the ratios of their in-
tensities differ. In the spectrum of the Sokli apa-
tite, which contains more OH ions, these bands are
more intensive. The differences in the apatite spec-
tra may also be due to vacancies and the possible
rotational and translational disorder in the struc-
ture.

The data on the OH stretching mode are in
agreement with the data on the liberation mode
of the OH ions (Fig. 3). According to Freund
and Knobel (1977), the bands at 745, 671 and
638 cm! belong to the vibrations of OH- -ions of
the OH:--F and in OH---O bonds, respectively. The
bands at 671 and 638 cm! are clearly established
only in the spectrum of the Kovdor apatite. In the
spectra of the Sokli and Siilinjérvi apatites only
weak bands at 673 cm! are seen. Bands at about
745 cm! were distinctly fixed for the Kola and Sii-
linjdrvi apatites which contain more fluorine. The
band at 720 cm! is clearly observed only in the
case of the Kovdor apatite. In the spectra of the
Sokli apatites a band at 730 cm™! was fixed.

According to Knubovets (1993), the bands in
the domain of 745-720 cm! in apatite spectra
could also be attributed to symmetric valence os-
cillations of the P-O-P bridge bonds, formed by
condensation of the PO, tetrahedron.
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Fig. 1. IR spectra of the apatites in the domain of PO/ vibrations: 1- Kola; 2- Siilinjédrvi; 3 a- Sokli (primary);

4- Kovdor.

Due to their low content, identification of CO,*
ions in the apatite structure and their location in
either A or B position (substitution of CO,* for
OH:- or PO,* ions, respectively) is complicated. In
the domain of CO,* ion oscillations there are prob-
ably at least 6 bands: at 1515, 1506, 1465-1471,
1452-1458, 1426-1434, and 1418-1423 cm™! (Fig.
4). Attributing each band to a certain type of car-
bonateapatite is impossible as the frequencies of
oscillations also depend on other substitutions and,

in the case of mixed AB-type apatites, new bands
are added (Beshah et al. 1990). By nuclear mag-
netic resonance (NMR) studies, five structurally
nonequivalent states of the CO,;> ion in the car-
bonateapatites have been established (Beshah et
al. 1990). Nevertheless, when comparing the data
obtained for CO,* v, oscillations in the carbon-
ateapatites by Rey et al. (1989), it can be conclud-
ed that all the apatite samples studied here con-
tain CO;> ions in A and B positions, but in dif-
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Fig. 2. (a) OH and H,O bands in the IR spectra at 3300 - 3600 cm™ of apatites: 1- Kola; 2- Siilinjérvi; 3- Sokli
a) primary, b) weathered; 4- Kovdor. (b) Splitting of the OH stretching mode and the residual trace after line

shape analysis in the FTIR spectra of apatites.

ferent amounts and ratios. The same result was
obtained by polarized infrared spectroscopy of
synthetic apatites (Suetsugu et al. 1998).

It is necessary to mention that the analysis of
the apatite spectra obtained may be complicated
because of the presence of admixtures (like sili-
cates, and incompletely separated carbonates), in
particular in the domains of the spectra where the
bands are close to each other.

SUMMARY

The use of FTIR spectroscopy improved with
computerized data processing by means of the
Peak Fitting Program “Galactic” which gives
complementary information about structural
properties of natural apatites of different ori-

gin and deposits. In particular, this is de-
monstrated on the basis of OH-group stretching
mode vibrations of magmatic fluorhydroxy-
apatites from the Siilinjdrvi and Sokli deposits
in Finland. For comparison apatites from the
Kola and Kovdor deposits (northwestern Rus-
sia) were also studied.

In apatites rich in fluorine, F...OH...F and
F...OH bonds dominate, while in the Kovdor ap-
atite, the sample with the lowest fluorine content,
the highest band intensity corresponds to
OH...F...OH bond vibrations. Differences in the
amount and position of CO,* ions incorporated
into the apatite structure are also shown.
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Fig. 3. The liberational vibrations of the OH ions at  Fig. 4. COs* bands in the IR spectra of apatites at
620-760 cm’'. Numbers as in Fig. 2a. 1370-1530 cm™'. Numbers as in Fig. 2a.

Table 2. OH stretching mode in the FTIR spectra of magmatic apatites according to the data of Peak Fitting
“Galactic”.

Siilinjarvi Sokli Kola Kovdor Bond
cm! height cm’! height cm’! height cm’! height
3587 002 3584 001
3570 009 3570 020 3567 003 3568 067 OH-0 ?
3552 007 3551 020 3547 067 OH...F..OH
3537 080 3536 050 3536 040 3534 075 F..OH..F
3521 020 3520 020 3520 003 F...OH...(F)

3508 004 OH...F-CO;?
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