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Chopinite-sarcopside solid solution, [(Mg,Fe)3o](PO4)2, in GRA95209, a transitional 
acapulcoite: Implications for phosphate genesis in meteorites
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aBStract

Orthophosphate, (Mg,Fe,Mn)3(PO4)2 with XMg = Mg/(Mg+Fe) = 0–0.89 and Mn/Fe = 0.05–0.3 and 
chladniite-johnsomervilleite, MnNa8(Ca4Na4)(Mg,Fe,Mn)43(PO4)36 with XMg = 0.44–0.81 and Mn/Fe = 
0.3–0.8, are minor constituents of meteorite Graves Nunataks (GRA) 95209, a transitional acapulcoite 
consisting mostly of forsterite (Fa7) and enstatite (Wo3Fs7–8) with subordinate clinopyroxene (Wo41–45 

Fs4–6) and plagioclase (Or1–2An10–19), and cut by Fe,Ni metal veins. Electron backscatter diffraction 
patterns and maps, together with chemical analyses and Fe-Mg-Mn distribution among phosphates, 
confirm identification of the orthophosphate as sarcopside, chopinite, and farringtonite; no graftonite 
was found. Phosphates are found as (1) narrow rims between metal and forsterite or orthopyroxene; 
(2) aggregates having the same outline as metal; and (3) inclusions and stringers in metal, including a 
ring around a graphite rosette. Electron microprobe analyses of sarcopside/chopinite-johnsomervilleite/
chladniite pairs give a regular Fe-Mg distribution with KD = (Mg/Fe)Src/Chp/(Mg/Fe)Jhn/Cld = 0.584 con-
sistent with terrestrial sarcopside-johnsomervilleite pairs, whereas analyses of farringtonite-chladniite 
pairs give KD = 1.51, but the Mg-Fe distribution is less regular. Textural relations suggest that Fe-Mn 
sarcopside originally formed by oxidation of P in metal and replacement of the metal and, through 
interaction with silicates, was converted to magnesian sarcopside-chopinite and farringtonite, i.e., the 
silicate matrix acted as a reservoir of Mg that could be exchanged with Fe and Mn in the sarcopside. 
Using the farringtonite-chopinite univariant curve determined in hydrothermal experiments by F. 
Brunet and others, isopleths calculated for the most magnesian chopinite in GRA95209, XMg = 0.65, 
give 4–7 kbar at 500–1100 °C, pressures far too high for the acapulcoite-lodranite parent body. Two 
scenarios could explain the discrepancy: (1) chopinite and magnesian sarcopside persisted metasta-
bly into the farringtonite stability field as Mg-Fe exchange progressed and the source volume for 
GRA95209 cooled; (2) a very mild shock event was intense enough to convert Fe-rich farringtonite 
(XFe = 0.4–0.6) to magnesian sarcopside and chopinite, but not enough to deform olivine in the source 
volume. Whether metastability could have played a role in chopinite formation would best be answered 
by experiments on the Mg3(PO4)2–Fe3(PO4)2 system under anhydrous conditions. If the transformation 
was found to be as kinetically fast as in the hydrothermal experiments, then shock would become the 
more plausible explanation for the presence of chopinite in this meteorite.
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introduction

Three ferromagnesian phosphate minerals with the stoichi-
ometry (Mg,Fe2+,Mn,Ca)3(PO4)2 (orthophosphate) and Fe or Mg 
> (Mn+Ca) have been found in meteorites (Fig. 1). Graftonite 
and sarcopside, which are Fe-dominant, are characteristic of 
iron meteorites (e.g., Olsen and Fredriksson 1966; Olsen et al. 
1999; Sugiura and Hoshino 2003), whereas the Mg-dominant far-
ringtonite is characteristic of pallasites (e.g., DuFresne and Roy 
1961; Buseck and Holdsworth 1977). A second Mg-dominant 
mineral, chopinite (Grew et al. 2007), which is isostructural with 
sarcopside, was recently found in a granulite facies paragneiss 
in East Antarctica. Experiments in the Mg3(PO4)2 system show 

that chopinite is a high-pressure analog of farringtonite (Brunet 
and Vielzeuf 1996; Brunet et al. 1998). The discovery of cho-
pinite is consistent with experimental evidence for complete 
solid solution between end-member chopinite Mg3(PO4)2 and 
end-member sarcopside Fe2+

3 (PO4)2 (e.g., Annersten and Nord 
1980; Charalampides et al. 1988). Farringtonite containing as 
little as 40% Mg3(PO4)2 has been synthesized (Annersten et al. 
1980), whereas no more than 20% Mg3(PO4)2 has been reported 
in synthetic graftonite (Nord and Ericsson 1982b). 

GRA95209 is a primitive achondrite, i.e., a stony meteorite 
lacking chondrules (near-spherical silicate objects generally 100 
µm to a few millimeters across), but with mineral assemblages 
and chemical compositions characteristic of chondritic meteor-
ites. It consists mostly of forsterite (Fa7) and enstatite (Wo3Fs7–8), * E-mail: esgrew@maine.edu


