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Abstract 

Bobdownsite, IMA number 2008-037, was approved as a new mineral by the Commission on New 
Minerals, Nomenclature and Classification (CNMNC) as the fluorine endmember of the mineral 
whitlockite. The type locality of bobdownsite is in Big Fish River, Yukon Canada, and 
bobdownsite was reported to be the first naturally occurring mineral with essential 
monofluorophosphate (PO3F2-). The type specimen of bobdownsite has been reinvestigated by 
electron probe microanalysis (EPMA), and our data indicate that fluorine abundances are below 
detection in the mineral. In addition, we conducted detailed analysis of bobdownsite from the type 
locality by gas chromatography isotope ratio mass spectrometry, Raman spectroscopy, EPMA, 
and NMR spectroscopy. These data were compared with previously published data on synthetic 
monofluorophosphate salts. Collectively, these data indicate that bobdownsite is indistinguishable 
from whitlockite with a composition along the whitlockite-merrillite solid solution. Bobdownsite 
is therefore discredited as a valid mineral species. An additional mineral, krásnoite, has been 
purported to have monofluorophosphate components in its structure, but reexamination of those 
data indicate that F- in krásnoite forms bonds with Al, similar to OH- bonded to Al in perhamite. 
Consequently, krásnoite also lacks monofluorophosphate groups, and there are currently no valid 
mineral species with monofluorophosphate in their structure. We recommend that any future 
reports of new minerals that contain essential monofluorophosphate anions be vetted by abundance 
measurements of fluorine, vibrational spectroscopy (both Raman and FTIR), and where 
paramagnetic components are permissibly low, NMR spectroscopy. Furthermore, we emphasize 
the importance of using synthetic compounds containing monofluorophosphate anions as a point 
of comparison in the identification of minerals with essential monofluorophosphate. Structural 
data that yield satisfactory P-F bond lengths determined by X-ray crystallography, coupled with 
direct chemical analyses of fluorine in a material do not constitute sufficient evidence alone to 
identify a new mineral with essential monofluorophosphate anions. 

 

 

 

 

 

 

 

 

 



Introduction 

Phosphate minerals such as apatite, merrillite, and whitlockite are of importance to a wide 

variety of fields, from Earth science to life science, material science, and planetary science (Chew 

and Spikings, 2015; Harlov, 2015; Hawthorne, 1998; Hughes et al., 2006; Hughes et al., 2008; 

Hughes and Rakovan, 2015; Jolliff et al., 2006; McCubbin and Jones, 2015; McCubbin et al., 

2014; Rakovan and Pasteris, 2015; Shearer et al., 2015; Webster and Piccoli, 2015). Phosphates 

are the major source of P on Earth and their uses range from fertilizers to detergents to insecticides. 

Synthetic phosphates have been used for ceramics and coatings, and have even been used for the 

production of fuel cells (i.e., Kendrick et al., 2007; Lin et al., 2007; Pietak et al., 2007). Phosphates 

have a propensity for concentrating rare earth elements (Jolliff et al., 1993; Prowatke and Klemme, 

2006; Shearer et al., 2011), which are used pervasively for deciphering sedimentary, igneous, and 

metamorphic petrogenesis. Furthermore, their ability to accommodate the radioisotopes used for 

dating makes them important to geochronological studies of rocks (Chew and Spikings, 2015).  

At present, there are 586 unique phosphate mineral species that have been identified 

(Hazen et al., 2015; IMA list of minerals updated as of January 2017). Of these, the phosphate 

anion is most typically represented by phosphate (PO4
3-), where phosphorus is bonded to 4 

oxygens; however, there is a subset of phosphate minerals totaling 58 individual mineral species 

that have OH- or F- substituents for O2- on the phosphate molecule. These substituents consist of 

either hydrogen phosphate anions (PO3OH2-) or monofluorophosphate anions (PO3F2-). Minerals 

with protonated phosphate groups constitutes 57 of the 58 individual mineral species. The most 

common of these species is the mineral whitlockite (Frondel, 1941; Hughes et al., 2008), although 

other examples include brushite, monetite, newberyite, and groatite (Cooper et al., 2009; Duff, 



1971; Frost et al., 2011; Terpstra, 1937). Only one mineral species (bobdownsite) is reported to 

have an essential monofluorophosphate component (PO3F2-) in its structure.  

Bobdownsite was approved as a new mineral by the International Mineralogical 

Association in 2008 (IMA number 2008-037), and it was described in detail by Tait et al. (2011). 

The type locality of bobdownsite is in Big Fish River, Yukon Canada. Bobdownsite is also reported 

to occur at a number of other localities on Earth (e.g., Tip Top Mine, South Dakota USA), and it 

has been reported in martian meteorites (Gnos et al., 2002; Tait et al., 2011). In addition to 

bobdownsite, the mineral krásnoite is reported to contain fluorophosphate groups (Mills et al., 

2012), but, unlike bobdownsite, the validity of krásnoite as a species is not predicated on the 

assignment of fluorine to fluorophosphate groups. Although only two naturally occurring 

fluorophosphate compounds have been reported, there is a wide array of synthetic fluorophosphate 

compounds that have many versatile uses from additives in toothpaste (Sten, 1964) to treatments 

for osteoporosis (Balena et al., 1998; Kleerekoper, 1998; Lems et al., 2000). In the present study, 

we provide in-depth structural and chemical characterization of bobdownsite from the type locality 

in Big Fish River, Yukon Canada to reassess whether or not fluorine is present, and if so, how it 

is bonded within the structure. The results of this study will be compared and contrasted with 

previous studies of bobdownsite, krásnoite, as well as a number of well-characterized synthetic 

monofluorophosphate salts. The aim of our study is to establish minimum criteria for identifying 

and classifying minerals with an essential monofluorophosphate structural component. 

Methods 

Samples analyzed in the present study 

 Bobdownsite samples from the type locality in Big Fish River, Yukon Canada were 

obtained from a number of sources: Samples of bobdownsite were personally collected by coauthor 





from the oven and quenched in a water bath in an effort to prevent any further reaction. After 

cooling, the vessel is opened and the solution decanted leaving the solids. Solid material is rinsed 

from the vessel using ethanol, allowed to air dry for 24 h, weighed and inspected by optical 

microscopy for preliminary phase identification. Additional phases can form during synthesis, 

typically hydroxylapatite (Ca5[PO4]3OH) and monetite (CaHPO4), but are primarily confined to 

the <75 µm fraction. Output masses are therefore brush sieved on a 200 mesh screen to remove 

the <75 µm size fraction. The methods have been shown to consistently and reliably produce high-

purity Mg-endmember whitlockite (Adcock et al., 2013; Adcock et al., 2017; Hughes et al., 2008), 

although a few wt.% of merrillite may occur within the whitlockite (Adcock et al., 2017; Hughes 

et al., 2008). 

 

Electron probe microanalysis (EPMA) 

All of the natural phosphate specimens (Bobdownsite_A, Yukon phosphate, 

Bobdownsite_Tait, R050109, and R070654) were analyzed using the JEOL 8200 electron 

microprobe at the Institute of Meteoritics at the University of New Mexico using Probe for 

EPMATM (PFE) software. An accelerating voltage of 15 kV, a nominal probe current of 20 nA, 

and a beam diameter of 5 µm were used during each analysis. We analyzed for the elements Si, 

Al, Fe, Mn, Mg, Ca, Na, P, F, and Cl. F was analyzed using a light-element LDE1 detector crystal, 

and Cl was analyzed using a PET detector crystal. The standards used were as follows; for Ca and 

P, Durango apatite (Jarosewich et al., 1980) was used as the primary standard, and a natural 

fluorapatite from India (Ap020 from McCubbin et al., 2012) was used as a secondary check on the 

standardization. A synthetic SrF2 crystal from the Taylor multi element standard mount (C. M. 

Taylor) was used as the primary F standard, and Ap020 was used as an additional check on the F 











 The compositions of all the phosphates analyzed in the present study are provided in Table 

1, and the H2O abundances of samples Bobdownsite_A and Yukon phosphate are also provided in 

Table 1. All of the phosphates from Big Fish River, Yukon, Canada have similar compositions 

with some variations in Na, Mg, and Fe (Table 1). Sodium abundances in these samples range 

from 0.61 to 1.00 wt.% Na2O, which corresponds to 0.21–0.34 structural formula units of Na (sfu) 

per 28 oxygens. Fe and Mg abundances in the samples from Big Fish River are inversely correlated 

and range from 1.08 to 1.43 wt.% FeO and 2.63 to 2.88 wt.% MgO. These abundances correspond 

to 0.16 to 0.21 sfu Fe and 0.69 to 0.73 sfu Mg per 28 oxygens. The sum of Fe and Mg per 28 

oxygens ranges from 0.90 to 0.94 sfu. Although H2O abundances were only measured in the 

samples Bobdownsite_A and Yukon phosphate, they yielded similar results of 0.71 and 0.70 wt.% 

H2O, respectively. These abundances of H2O correspond to 0.83 to 0.86 sfu OH per 28 oxygens. 

Fluorine was not detected in any of the phosphates analyzed in the present study, so the chemistry 

of the phosphates indicate that they are whitlockite with compositions that lie along the 

whitlockite-merrillite solid solution. 

 The sample from the Tip Top mine, South Dakota, USA (R070654) was distinctly different 

from the samples from Big Fish River, Yukon, Canada given the paucity of FeO, lower abundance 

of Na, and elevated abundance of Mg (Table 1). We did not detect any fluorine within sample 

R070654, so it is also likely a phase that lies along the whitlockite-merrillite solid solution; 

however direct analysis of H2O is required to definitively identify the sample as either whitlockite 

or merrillite. The synthetic sample MGS-008 is an endmember Mg-whitlockite and does not have 

detectable Fe or Na (Table 1). 







the crystal structure. Additional minor signals occur near +7 ppm and +12 ppm, possibly from 

unidentified impurities. The 1H NMR spectra of the natural Bobdownsite_A and Yukon phosphate 

samples also contain a major peak centered near +10 ppm, although the peaks are significantly 

broader and exhibit substantially more spinning sideband intensity than the synthetic whitlockite. 

The broader resonances likely result from minor concentrations of paramagnetic ions in the 

mineral specimens (e.g., Begaudeau et al., 2012; Oldfield et al., 1983), consistent with the 1.1 to 

1.4 wt.% FeO in these samples (Table 1). An additional minor peak occurs in the synthetic 

whitlockite near +0.2 ppm that can be attributed to an impurity phase, possibly hydroxylapatite 

based on its similar chemical shift (Yesinowski and Eckert, 1987).  

 

31P NMR 

 The 31P MAS/NMR spectra of the Bobdownsite_A and Yukon phosphate specimens 

contain broad, poorly resolved centerbands centered near +0.6 ppm, 5.5 ppm FWHM (Fig. 4). In 

contrast, the synthetic whitlockite (MGS-008) sample yields well-resolved centerbands exhibiting 

sharp peaks at 2.3, 1.4, and -0.2 ppm plus shoulders at +0.7 and -0.8 ppm. Minor additional peaks 

occur at -3.4 and -4.3 ppm that could arise from impurity phases. Qualitatively, the centers of 

gravity of the Bobdownsite_A and Yukon phosphate spectra coincide with that of the synthetic 

whitlockite (MGS-008). This result suggests that peak broadening by paramagnetic substituents 

present in the natural samples, similar to that discussed for the 1H results above, prevents resolution 

of distinct sites. However, the spectrum of the natural Yukon phosphate sample does appear to 

exhibit an asymmetry that suggests the presence of at least two peaks at positions similar to those 

for the main peaks for the synthetic sample, namely at +2.3 and -0.2 ppm. The chemical shifts for 

the main peaks observed for these samples lie well within ranges reported previously for 



orthophosphate groups in general, and Ca- and Mg-orthophosphates in particular (Belton et al., 

1988; Rothwell et al., 1980; Turner et al., 1986).  

The spectrum of the synthetic whitlockite (MGS-008) is consistent with the presence of 

three crystallographically distinct P positions in a 3:1:3 ratio plus additional signals arising from 

merrillite-like local environments (Calvo and Gopal, 1975).  A more complete report of the NMR 

spectra of whitlockite and assignment of the resolved features will be presented in a separate paper. 

Discussion 

Discreditation of bobdownsite 

Based on the similarities in chemical composition and the nearly identical Raman spectra 

among all phosphate samples analyzed from Big Fish River, Yukon Canada, we infer that all 

samples from this locality are comprised of the same mineral phase. Consequently, we refer to all 

of these samples collectively as “bobdownsite” throughout the discussion except in cases where 

we refer to a specific sample, in which case the sample name is used.  

Three of the primary lines of evidence that supported the identification of bobdownsite 

require reassessment based on differences in results between the present study and the initial 

description of this mineral (i.e., Tait et al., 2011). These include the absence of OH- in the samples 

inferred by thermogravimetric analysis (TGA), the assignment of a Raman peak at 923 cm-1 to 

symmetric stretching in PO3F2-, and the abundance of fluorine determined by EPMA. We will first 

compare data from Tait et al. (2011) and the present study and then use NMR results from the 

present study to resolve any remaining discrepancies. 

 

H abundance of “bobdownsite” 











related to Al-O or Si-O vibrational modes (Socrates, 2001). Consequently, the vibrational 

spectroscopic data do not provide sufficient evidence that krásnoite contains monofluorophosphate 

groups within its structure. 

Mills et al. (2012) reported 19F MAS NMR results for krásnoite that were interpreted to 

verify the presence of F in the mineral structure. Because chemical shifts reported by Mills et al. 

(2012) were relative to CaF2, we have converted their values relative to CFCl3, the conventional 

standard for 19F NMR spectral comparisons (e.g., Huve et al., 1992). The chemical shift of 19F in 

CaF2 relative to CFCl3 is -110 ppm (Wang and Grey, 1998), which corresponds to a new primary 

peak at a chemical shift of -130 ppm with minor peaks at chemical shifts of -110 ppm, -140 ppm, 

and -150 ppm. The 19F chemical shifts for the monofluorophosphate groups in fluorophosphate 

salts ranges from -52.5 ppm for BaPOF3 to -75 ppm for Na2PO3F (Jantz et al., 2016; Stoeger et al., 

2013; Weil et al., 2004; Weil et al., 2007; Zhang et al., 2007), which are substantially displaced 

from the observed 19F chemical shifts for krásnoite (Mills et al., 2012). Consequently, the 19F MAS 

NMR data in Mills et al. (2012) do not support assignment of F in krásnoite to 

monofluorophosphate groups. Furthermore, the 19F NMR peak for monofluorophosphate should 

be represented by a doublet owing to the strong scalar coupling between 19F and 31P nuclei (e.g., 

Stoeger et al., 2013). In addition, Mills et al. (2012) attributed the peak at a chemical shift of -150 

ppm to a minor fluorapatite impurity, whereas 19F NMR spectra of fluorapatite exhibit a chemical 

shift near -103 ppm (e.g., Braun et al., 1995; Mason et al., 2009; McCubbin et al., 2008), which is 

not exhibited by the 19F NMR spectra for krásnoite. To further elucidate the role of F in the 

structure of krásnoite, we have interpreted the 19F NMR spectra accordingly and show that the 

chemical shifts observed at -130, -140, and -150 ppm can be ascribed to Al-F groups (Chupas et 



al., 2003; Kao and Chen, 2003; Kiczenski and Stebbins, 2002; Zhang et al., 2002), indicating that 

F- likely substitutes for OH- bonded to Al in perhamite (i.e., Mills et al., 2006). 

 

Proposed criteria for identification of minerals with a monofluorophosphate (PO3F2-) anion 

 We recommend that future reports of new minerals containing essential 

monofluorophosphate anions be vetted by abundance measurements of fluorine, vibrational 

spectroscopy (both Raman and FTIR), and where paramagnetic components are permissibly low, 

NMR spectroscopy. Furthermore, the previous reports of bobdownsite and krásnoite highlight the 

importance of using synthetic compounds containing monofluorophosphate anions as a point of 

comparison in the identification of minerals with essential monofluorophosphate. Given that 

fluoride is a common substituent for hydroxyl in many phosphates and occupies crystallographic 

sites in phosphates that are not bonded directly to phosphorus, a concerted effort should also be 

made to verify that a proposed new monofluorophosphate mineral contains PO3F molecular 

groups, or at minimum, P-F bonds. Although not a shortcoming of the bobdownsite and krásnoite 

studies (Mills et al., 2012; Tait et al., 2011), it must be emphasized that structural data that yield 

satisfactory P-F bond lengths determined by X-ray crystallography, coupled with direct chemical 

analyses of fluorine in a material, do not constitute sufficient evidence alone to identify a new 

mineral having essential monofluorophosphate anions. 

 

Implications 

The preponderance of data collection on whitlockite from Big Fish River, Yukon Canada 

has highlighted the potential utility of this material as a phosphate standard for H abundance and 

H-isotopic analysis by secondary ion mass spectrometry (SIMS). Given the heightened interest in 



the analysis of hydrogen abundances and hydrogen isotopes in phosphates from planetary 

materials (i.e., Barnes et al., 2013; Barnes et al., 2014; Barrett et al., 2016; Boctor et al., 2003; 

Boyce et al., 2012; Boyce et al., 2010; Greenwood et al., 2008; Greenwood et al., 2011; Jones et 

al., 2014; Jones et al., 2016; Mane et al., 2016; McCubbin et al., 2012; McCubbin et al., 2014; 

McCubbin et al., 2010; Robinson et al., 2016; Robinson and Taylor, 2014; Sarafian et al., 2014; 

Sarafian et al., 2013; Tartèse et al., 2013; Tartèse et al., 2014a; Tartèse et al., 2014b; Treiman et 

al., 2014), the identification of whitlockite with consistent inter- and intra-granular H2O 

abundances and an isotopically light H isotope composition is unique among available phosphate 

SIMS standards (c.f., McCubbin et al., 2015a, and references therein). Given that many of the 

SIMS analyses of merrillite in planetary samples have been conducted using apatite standards 

(Mane et al., 2016; McCubbin et al., 2014), a whitlockite standard will provide a better matrix 

match for future SIMS studies of merrillite or whitlockite in Earth and planetary materials. 
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Figures 

 

Figure 1. Raman spectra of Yukon phosphate, Bobdownsite_A, bobdownsite type specimen R050109, and 
bobdownsite from Tip top Mine, South Dakota, USA (R070654). The sample names denoted with an 
asterisk indicate the data were reported in Tait et al. (2011). The region that is characteristic of P-F 
symmetric stretching modes in fluorophosphate salts is indicated by the shaded area (Baran and Weil, 
2009; Heide et al., 1985; Jantz et al., 2016; Weil et al., 2015; Weil et al., 2004; Weil et al., 2007; 
Zeibig et al., 1991). 



 
Figure 2. 19F MAS/NMR spectra of Bobdownsite_A (top) and Yukon phosphate (bottom) samples with the 
indicated amounts of added NaF, which approximate one F atom per formula unit (seven P). Shaded region 
corresponds to chemical shift range for previous reports of compounds containing fluorophosphate groups 
(see text). Spectra acquired by direct excitation with a 100 s relaxation delay and a spinning rate of 20 kHz. 
Asterisks denote spinning sidebands. 
 
 
 
  






