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absTracT

Phosphoran olivine (1–7 wt% P2O5) is a metastable phase known from fewer than a dozen mete-
oritic or terrestrial occurrences. We have thoroughly examined phosphoran olivine in the Springwater 
pallasite to characterize its distribution, textural relationships, and geochemistry. Phosphoran olivine 
is abundant in Springwater as randomly distributed millimeter-scale partial overgrowths on the P-free 
olivine crystals. Geochemical analyses support the substitution mechanism of P into the tetrahedral Si 
site with octahedral site vacancies for charge balance; observed trace element variations, on the other 
hand, are not related to P substitution. Element mapping reveals fine-scale oscillatory P zoning in un-
usual serrate patterns, indicating rapid crystal nucleation from a melt as proposed by Boesenberg and 
Hewins (2010) and a subsequently variable rate of crystallization. The timing of phosphoran olivine 
formation in Springwater is constrained to after the period of macroscopic olivine rounding but before 
the cooling of the metal matrix; because the phosphoran overgrowths overprint specific host grain 
boundary modifications, we suggest that the episode of extremely rapid cooling necessary to crystal-
lize and preserve this rare phase may have been triggered by an additional impact to the parent body.
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iNTroducTioN

Terrestrial igneous olivine typically contains <0.01–0.04 
wt% P2O5 (Milman-Barris et al. 2008); occasionally, however, 
the phase can host orders of magnitude more phosphorus. Oliv-
ine containing 1–7 wt% P2O5—generally termed “phosphoran 
olivine” (e.g., Boesenberg and Hewins 2010)—is known from 
nearly a dozen separate occurrences (Buseck 1977; Buseck and 
Clark 1984; Goodrich 1984, 2003; Agrell et al. 1998; Wasson 
et al. 1999; Tropper et al. 2004; Boesenberg 2006; Wang et al. 
2007), all but four of which (Goodrich 1984; Agrell et al. 1998; 
Tropper et al. 2004; Boesenberg 2006) are extraterrestrial. Up to 
32 wt% P2O5 has been reported in olivine from secondary melt in-
clusions in the Brahin pallasite meteorite (Sonzogni et al. 2009).

Because the olivine/melt partition coefficient for P is only 
0.001–0.1 (Anderson and Greenland 1969; Brunet and Chazot 
2001; Boesenberg and Hewins 2010), the presence of several 
wt% P2O5 in olivine suggests extenuating circumstances. Boesen-
berg and Hewins (2010) have experimentally determined that 
under rapid crystallization regimes P behaves as if it is compat-
ible in olivine, producing a metastable phosphoran olivine phase 
that will persist only if cooling below the solidus occurs within 
several weeks. Olivine may accommodate significant amounts 
of P through substitution of P5+ for Si4+ in the tetrahedral site 
while Mg2+ and Fe2+ vacancies in the octahedral site balance 

charge (Buseck and Clark 1984; Boesenberg and Hewins 2010). 
Substitutions involving Li+ and Na+ (Mallmann et al. 2009) or 
trivalent cations (Milman-Barris et al. 2008) have been shown 
to facilitate P incorporation into olivine at trace levels; however, 
the latter mechanism may not operate in even low-P pallasite 
olivine given a lack of definitive correlations between P and 
Cr, Al, Ti, V, Sc, or Ga in the Brenham and Brahin pallasites 
(McKibbin et al. 2013).

It is not known whether rapid crystallization is the only atypi-
cal condition required to form phosphoran olivine. The experi-
mental data suggest it can crystallize under the same temperature, 
composition, and oxygen fugacity parameters as nominally P-free 
olivine (Boesenberg and Hewins 2010). Still, phosphoran olivine 
is extremely rare in nature, with five of its reported occurrences 
in the considerably unusual phase assemblage of pallasite mete-
orites: primarily large forsteritic olivine grains suspended within 
an iron-nickel matrix, with accessory phosphates, troilite (FeS), 
schreibersite [(Fe,Ni)3P], and chromite. Some workers have sug-
gested pallasitic phosphoran olivine formed below its solidus, 
following oxidation of P from the schreibersite and metal phases 
during cooling (Olsen and Fredriksson 1966) and potentially 
involving replacement of olivine rims by reaction with adjacent 
phosphates (Buseck 1977). However, it has been noted more 
recently that a subsolidus origin of pallasitic phosphoran olivine 
is unlikely given the lack of diffusion profiles within the adjacent 
metal or P-free olivine; crystallization from a quickly cooling 
melt as has been achieved experimentally is therefore the most 
viable mechanism (Boesenberg and Hewins 2010). This cooling 
rate prerequisite for phosphoran olivine formation is challenging 
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