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abstract

We have studied the substitutions in a natural well-crystallized carbonate-containing apatite-(CaF) 
(var. staffelite) using infrared (IR) and solid-state nuclear magnetic resonance (NMR) spectroscopic 
techniques. Our results show the presence of both A- and B-type carbonate plus a large amount of 
structural water (0.44 pfu). This sample also contains 0.21 pfu excess F, but only weak C-F dipolar 
coupling is observed indicating that a tetrahedral CO3F3– complex does not occur. 19F NMR results 
indicate the presence of a second F environment in the apatite structure at a concentration similar to 
that of B-type carbonate but which does not differ from channel F in terms of coupling to 31P or 1H.
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introduction

Phosphorite deposits account for less than 10% of the total 
budget of oceanic phosphorus deposition, but they represent a 
significant source of economically viable phosphorus because 
phosphate contents commonly exceed 9 wt% as PO4

3– (up to 27 
wt%) (Glenn et al. 1994). Although there are many means by 
which phosphorite deposits form, they share a common primary 
mineralogy, carbonate-rich apatite-(CaF) (CFAp). Despite CFAp 
being ubiquitous among phosphorite deposits, little is known 
about the crystal-chemical relationships governing the incorpo-
ration of the carbonate ion. Carbonate contents of CFAp from 
phosphorite deposits can range up to but typically do not exceed 
6 wt% as CO3

2– (McArthur 1985). Adding to its complexity, CFAp 
commonly contains an excess of fluorine [>1.0 per structural 
formula unit (pfu)] that positively correlates with carbonate 
content (McClellan and Lehr 1969; Schuffert et al. 1990) in 
many but not all samples (Abed and Fakhouri 1996). Because 
the apatite structure is very adaptive and many cationic and 
anionic substitutions can occur (Pan and Fleet 2002), the crystal 
chemical relationships governing carbonate incorporation into 
CFAp are likely complex. However, the species that accompany 
carbonate and their relative abundances have been suggested 
as key indicators for determining the petrogenetic history of 
the phosphorite (McArthur 1985). Therefore, knowledge of the 
substitutions that accompany carbonate in apatite is necessary 
for full understanding of the process of phosphorite deposition 
and diagenesis. 

Two primary sites for carbonate incorporation have been 
identified in the apatite structure (Nelson and Featherstone 1982; 
Suetsugu et al. 1998). The carbonate ion can replace a channel 
anion (A-type substitution) with its plane parallel to the c axis. 
Alternatively, carbonate can occupy a phosphate site (B-type 

substitution) by aligning its plane at a 30 to 40 degree angle to the 
c axis (Wilson et al. 2006). A- and B-type substitutions can exist 
independent of one another, or they can occur simultaneously as 
an AB-type substitution. These substitutions yield structural and 
charge imbalances that must be accommodated. For example, 
AB-type substitutions in apatite-(CaOH) can be coupled in ad-
jacent channel and phosphate sites through the incorporation of 
Na and hydrogen carbonate (Fleet and Liu 2007a, 2007b; Mason 
et al. 2008). In apatite-(CaF), the carbonate substitution is not 
well understood and has spurred debate over the role of fluorine. 
It is recognized that B-type carbonate content correlates with the 
amount of excess F in natural CFAp samples. This observation 
was extended to a proposed B-type substitution of a tetrahedral 
CO3F3– complex that replaces phosphate (e.g., McClellan and 
Lehr 1969; Binder and Troll 1989). Regnier et al. (1994) sug-
gested that the CO3F3– complex could not occur in CFAp based 
on comparisons of solid-state 13C nuclear magnetic resonance 
(NMR) spectra of natural and synthetic CFAp to calculated NMR 
lineshapes for CO3 with F at differing distances. The calculated 
static lineshape for a tetrahedral CO3F3– complex would differ 
significantly from that of a planar CO3 molecule. However, 
Nathan (1996) commented that the samples studied by Regnier 
et al. (1994) lacked excess F and, therefore, were not expected to 
contain CO3F3–. Little direct evidence has been found to support 
the existence of a tetrahedral CO3F3– complex, but it persists as a 
proposed substitution in the literature (e.g., Pan and Fleet 2002). 
An additional B-type substitution mechanism was recently sug-
gested by Nokhrin et al. (2006) based on electron paramagnetic 
resonance spectroscopy indicating charge balance was achieved 
in CFAp by the presence of vacancies in neighboring Ca, O, and 
F sites. Using NMR spectroscopy several recent studies have 
reported the occurrence of H-bearing species such as hydrogen 
phosphate, structural water, and bicarbonate, which can all 
substitute into the apatite structure (Cho et al. 2003; Jager et al. 
2006; Mason et al. 2008), and it is possible that such species 
could also balance carbonate substitution in CFAp. 
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