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aBstract

Apatite sensu lato, Ca10(PO4)6(F,OH,Cl)2, is the tenth most abundant mineral on Earth, and is fun-

damentally important in geological processes, biological processes, medicine, dentistry, agriculture, 

environmental remediation, and material science. The steric interactions among anions in the [0,0,z] 

anion column in apatite make it impossible to predict the column anion arrangements in solid solu-

tions among the three end-members. In this work we report the measured atomic arrangements of 

synthetic apatite in the F-Cl apatite binary with nominal composition Ca10(PO4)6(F1Cl1), synthesized 

in vacuum at high temperature to minimize both hydroxyl- and oxy-component of the apatite. Four 

crystals from the high-temperature synthesis batch were prepared to assess the homogeneity of the 

batch and the precision of the location of small portions of an atom in the apatite anion column by 

VLQJOH�FU\VWDO�;�UD\�GLIIUDFWLRQ�WHFKQLTXHV��&U\VWDOV�ZHUH�JURXQG�WR�VSKHUHV�RI����ȝP�GLDPHWHU��DQG�
full-spheres of MoKĮ�GLIIUDFWLRQ�GDWD�ZHUH�FROOHFWHG�WR�V = 33°, with average redundancies >16. Final 

R1 values ranged from 0.0145 to 0.0158; the lattice parameters ranged from a = 9.5084(2)–9.5104(3), 

c = 6.8289(3)–6.8311(2) Å. Based on this study, solid solution in P63/m apatites along the F-Cl join is 

DWWDLQHG�E\�FUHDWLRQ�RI�DQ�RII�PLUURU�ÀXRULQH�VLWH�DW��������������D�SRVLWLRQ�ZKHUHLQ�WKH�ÀXRULQH�DWRP�
relaxes away from its normal position within the {00l} mirror plane in P63/m apatites; that relaxation 

is coupled with relaxation of a chlorine atom at the adjacent mirror plane away from the off-mirror 

ÀXRULQH��DOORZLQJ�DFFHSWDEOH�)�&O�GLVWDQFHV�LQ�WKH�DQLRQ�FROXPQ��7KHUH�DUH�D�WRWDO�RI�IRXU�SDUWLDOO\�
RFFXSLHG�DQLRQ�SRVLWLRQV�LQ�WKH�DQLRQ�FROXPQ��LQFOXGLQJ�WZR�IRU�ÀXRULQH�>����������DQG������������@�
and two for chlorine [(0,0,0.086) and (0,0,0)]; the chlorine site at the origin was previously postulated 

but not observed in calcium apatite solid solutions.
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introDuction

Apatite sensu lato [Ca10(PO4)6(OH,F,Cl)2; OH = hydroxyl-

apatite, F = fluorapatite, Cl = chlorapatite] is the tenth most 

abundant mineral on Earth and is the most abundant naturally 

occurring phosphate (Hughes and Rakovan 2002). Apatite forms 

the foundation of the global phosphorus cycle, and as an ore 

is the major source of phosphorus. The mineral is critical for 

production of tremendous quantities of essential fertilizers, 

detergents, and phosphoric acid; the extracted phosphorus is 

also used in innumerable fundamental applications such as 

phosphors for lighting and lasing materials, rust removers, 

coatings for prosthetic devices, motor fuels, and insecticides to 

name but a few (McConnell 1973). Much more than a source 

of phosphorus, apatite has many properties that are amenable to 

its use in a wide range of applications. For example, apatite has 

been investigated as a solid-state radioactive waste repository, 

incorporating significant amounts of substituent U and Th (e.g., 

Ewing and Wang 2002; Rakovan et al. 2005; Luo et al. 2009; 

Luo et al. 2011; Borkiewicz et al. 2010). It is also employed as 

a contaminant sequestration agent for in situ metal stabilization 

(e.g., Conca and Wright 1999; Bostick et al. 1999). Additionally, 

apatite is fundamental in controlling rare-earth and trace element 

variation in rocks (Hughes et al. 1991), and is the primary mineral 

used in fission-track determination of rates and dates in geologic 

processes (Hughes et al. 1990b).

Apatite transcends the inorganic environment, as hydroxyl-

apatite is the main mineral constituent of human bones, teeth, 

and many pathological calcifications; virtually all structural 

hard tissue of the human body is formed of apatite materials (an 

extensive summary is provided in Elliot 2002). Approximately 

70% of the U.S. population consumes fluoridated water as an 

effort to increase the fluorapatite component in their teeth, and 

the U.S. Centers for Disease Control (1999) lists water fluori-

dation as one of the 10 great public health achievements of the 

20th century. Recent research has also demonstrated that apatite 

composition may be useful in distinguishing between benign and 

malignant breast lesions in a non-invasive manner (Kerssens et * E-mail: jmhughes@uvm.edu


