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Fluorine-deficient apatite

Purg, end-member fluorapatite has the formula
Cay(PO,)eF>. Natural apatite does not have this
composition because extensive substitutions
occur for both Ca and PO, (Lehr et al., 1967,
McClellan and Lehr, 1969; McClellan, 1980;
McArthur, 1978, 1985). In sedimentary apatite
concentrations of F and CO, are usually greater
than 1% and the mineral is termed francolite*
(Sandell et al., 1939; McConnell, 1973). The
CO3™ ion substitutes for PO}~ and may occupy
30% of the POJ™ sites in the mineral structure
(McClellan, 1980). Such highly-substituted apa-
tite also contains F in excess of the 2 moles per
formula weight that is present in fluorapatite. This
‘excess F’ is commonly assumed to balance the
loss of negative charge that results when CO3™
substitutes for PO3~. The proposal that PO, is
replaced by (COj; + F) appears to have first been
made by Bornemann-Starinkevitch (1938) dis-
guised in confusing proposals that francolite could
be represented as a mixed oxide. Support and
clarification soon came in Bornemann-Starinke-
vitch (1939) and from Belov (1939). Objections
to this substitution have been made on the
grounds (1) that the electrostatic repulsion
between F~ and CO%™ would be too high for this
species to exist (Carlstrom and Glass, 1963) and
(2) that no relation exists between CO, and (F
+ OH) in natural francolites (McConnell, 1970).
Although the substitution has been widely cited
no compelling evidence has been presented to
confirmit. Indeed, McClellan (1980) suggests that
only 40 mole% of structural CO, is accompanied
by additional F and he gives the general formula
of francolite as:

Cayo.,yNa,Mg,(PO,)e..(CO3),Fy 4.F;

The evidence exists, nevertheless, for the sub-
stitution of CO4%>~ and F~, on a numerical basis
of 1:1, in unaltered francolite. Such francolite is
rare on land but common in phosphorites on the
sea-floor. In order to avoid inter-laboratory bias
only data obtained in the author’s laboratory are
considered. Data on structural CO, and F/P,05
ratios in unaltered francolite are given by Ben-
more (1984), McArthur (1985), McArthur et al.

* The term carbonate fiuorapatite is preferred to
francolite in some countries.

(1988, Cape Province Margin), and Table 1. A
plot of these data—F/P,O5 weight % ratio ver-
sus % structural CO,—is shown in Fig. 1. The use
of the F/P,Os ratio circumvents the need to recal-
culate the data to a pure-francolite basis. Measur-
ement of CO, was by the peak-pair method of
Gulbrandsen (1970) which gives the % CO, in
pure francolite. Bremner (1978) and Glenn et al.
(1988) have shown that chemical and X-ray deter-
minations of structural CO, in sea-floor francolite
are indistinguishable, within error.

A least-squares regression of F/P,Os on CO,
is shown on Fig. 1. The slope of the line is
1.54%0.12 and its intercept on the F/P;Os axis
is 5.120.61. The data are somewhat skewed
toward high values. This distorting effect can be
partially removed by regressing means of each
data set. Similar results are obtained: the slope
is 1.58+0.11 and the intercept is 4.9+0.52. Also
drawn on Fig. 1 is the line for replacement of
PO,*>~ by (CO;*~ + F7) on a 1:1 mole basis. It
is defined at the upper end by the end-member
composition given by McClellan (1980) for highly
substituted francolite (point A on Fig. 1; 34%
P,0s, 6.3% CO, and 5.04% F). The lower end
of the line is defined by subtracting CO, and F
from McClellan’s end-member, in a mole ratio
of 1:1, to give 0% CO,. The F remaining is used
to calculate a F/P,Os value for the ‘unsubstituted’
end-member (point B on Fig. 1). The regression
line and the theoretical line are within error of
each other. The data on samples from many
locations conform well to the theoretical line. It
is interesting to see that the two analyses of fran-
colite quoted by Sandell ez al. (1939) also fall very
close to the line (see key to Fig. 1).

Fig. 1 shows conclusively that CO5>~ and F~ are
coupled numerically on a mole basis of 1:1 as a
joint substitution for PO,*~. It does not prove
that PO,*" is actually replaced by the species
(CO;.F)*~. The problem of where the ‘excess F’
resides in the structure cannot be resolved by
chemistry alone and awaits further crystallo-
graphic work.

Fluorine-deficiency in apatite has been noted
by McClellan and Lehr (1969), principally in insu-
lar andigneous apatites. In such samples they note
that ‘infrared examination showed all these apa-
tites contained hydroxyl which apparently had
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Fie. 1. Structural CO, vs. 100E/P,05 wt.% ratio for unaltered francolite. Data sources listed in text and Table

L. Solid circle; Peru, Sechura: Open triangle; Peru, Ocucaje: Solid square; Peru/Chile margin: Solid triangle;

Moroccan margin: Diamond; Cape Province margin: Open square; Chatham Rise: Open triangle, inverted; Blake

Plateau: Open circle; Californian Margin. A = highly substituted end-member francolite (McClellan, 1980). B = A
minus (CO, + F). Dotted circle = analyses of Sandell ez al. (1939).

substituted for part of the fluorine’. In Recent
francolite from the continental margins of Nami-
bia and Peru/Chile McClellan (1980) notes ‘the
F/P,0Os ratio is so low that some OH for F substitu-
tion may be taking place’. The intercept of the
regression line in Fig. 1 shows that this is almost
certainly the case in all unaltered francolite, and
not only for the francolite in Recent phosphorites.
The F deficiency noted by McClellan (1980) can-
not be a shortfall of ‘excess F (i.e. that accompa-
nying COy) or the 1:1 relationship seen in Fig.
1 would not exist. The deficiency is in F that is
structurally incorporated in the normal crystallo-
graphic positions.

The regression line for the mean data has an
intercept on the F/P,Os axis of 4.940.52. This
represents a F content in the apatite of
2.07£0.22% or, in molar terms 1.10+0.12 atoms
of F~. The remaining 0.90£0.12 atoms of F~ in

the structural sites has been replaced, presumably
by OH™. If so, the F/OH ratio is within error
of unity. For unaltered francolite the generalized
francolite formula of McClellan (1980) can there-
fore be rewritten

from Cayo,—,Na,Mg,(PO,)s-.(CO3).Fy 4.F,

to
Cayg_y—y Na, Mg, (PO4)e-, (CO5). F, . F. OH.

McClellan’s end-member francolite contains
0.45 moles per formula weight of Na. This value
is suspiciously close to 3. All unaltered marine
francolite contains similar amounts and the con-
centrations are not related to substitution of CO,
or F (McArthur, 1985). There are many ways to
balance the deficiency of positive charge. One
interesting speculation is that francolite may form
with a Na/OH of 1 with § of the OH replaced
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Table 1.

SAMPLE €Oz 100F/P;04

SAMPLE €0z  100F/Px0g

BLAKE PLATEAU

BP1 6.9 14,2
BP2 6.0 14.7
BP3 6.1 15. 4
BP4 6.1 14.6
BPS 8.2 14.9
BPE 6.1 14.9
CHATHAM RISE
CMI-CX-45 5.4 13.6
CMI-C~46B 5.2 13. 4
CMI-C-C70 5.7 .8
CALIFORNIAN MARGIN
AHF 7406 4.7 12.6
AHF 14399 4.8 12. 4
AHF 14414 4.8 12.6
PERU, SECHURA
PBL/SM-1PL(CY 3.0 3.4
-2P 2.3 8.5
—-4P 3.7 10. 4
-6P 4.0 11, 4
-MP(A) 3.6 1.0

MOROCCAN MARGIN

135

1361
1022¢1)
1022 (2>
139>
9662y

suopow
NW O W N

PERU/CHILE MARGIN

PD-1205(B1>
-1205(B2)
-16-13
-15-17(B2)
~15-17¢B3)
~18-30(B1)
-18-33)
=19-37¢A)
—-2408-1212

rrRORPOLO
N O WO
=

PERU, OCUCAJE

PB1-0C-4<1> 1.88
—AC2)
—A(D) 2.58

by H,O. Many analyses of sea-floor phosphorite
show the presence of combined water (e.g.
Baturin, 1982; McArthur ef al., 1988). Unfortu-
nately, there are no reliable determinations of
structural H,O in sea-floor francolite with which
to test this suggestion.
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