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abstract

Phosphate is an essential nutrient for life on Earth, and therefore if life exists or ever existed on Mars 
it may have required phosphate. Amorphous Al- and Fe-phosphates rapidly precipitate from acidic solu-
tions and amorphous Al-phosphates likely control phosphate concentrations in some natural waters on 
Earth. The amorphous fraction of martian soils has also been shown to be enriched in P, and amorphous 
phosphates are therefore also likely important in the phosphate cycle on Mars. Despite this importance, 
however, few dissolution rates exist for amorphous Al- and Fe-phosphates. In this study, dissolution 
UDWHV�RI�DPRUSKRXV�$O��DQG�)H�SKRVSKDWHV�ZHUH�PHDVXUHG�LQ�ÀRZ�WKURXJK�UHDFWRUV�IURP�VWHDG\�VWDWH�
concentrations of Al, Fe, and P. A pH-dependent rate law, log R = log k – npH was determined from the 
dissolution rates, where R is the dissolution rate, k is the intrinsic rate constant, and n is the reaction order 
with respect to H+. For amorphous Al-phosphate, log k = –6.539 r 1.529 and n = 2.391 r 0.493. For 
amorphous Fe-phosphate, log k = –13.031 r 0.558 and n = 1.376 r 0.221. The amorphous Al-phosphate 
dissolves stoichiometrically under all experimental conditions measured, and the amorphous Fe-phosphate 
dissolves non-stoichiometrically, approaching stoichiometric dissolution as pH decreases, due potentially 
to Fe oxyhydroxides precipitating and armoring grain surfaces. Perhaps due to these effects, amorphous 
Al-phosphate dissolution rates are approximately three orders of magnitude faster than the amorphous 
Fe-phosphate dissolution rates measured under these experimental conditions. Amorphous Al-phosphate 
dissolution rates measured in this study are also faster than published dissolution rates for the crystalline 
Al-phosphate variscite. The rapid dissolution rates measured in this study therefore suggest that, if these 
phases are present on Mars, phosphate would be rapidly released into acidic environments.

Keywords: Phosphate, Mars, mineral dissolution, kinetics, habitability, astrobiology, amorphous 
phases, synchotron

introduction

Phosphate is an essential nutrient for life on Earth, and its 
release and mobility is therefore important to assessing potential 
habitability on Mars. The primary phosphate minerals present in 
martian meteorites include Cl-bearing apatite and merrillite, and 
recent work has indicated that release of P from these minerals is 
higher than that from the dominant terrestrial igneous P-bearing 
mineral, fluorapatite, with important implications for P availability 
on Mars (Adcock et al. 2013). Recent results from the Mars Sci-
ence Laboratory Curiosity indicate that the amorphous fraction 
of martian soils is enriched in P (Morris et al. 2013; Vaniman 
et al. 2014), and phosphate release from amorphous phosphate 
phases may therefore also be important in interpreting phosphate 
availability on Mars.

Previous work has shown that amorphous P-bearing phases are 
also likely important in terrestrial environments. Roncal-Herrero 
et al. (2009) report that the first phosphate-containing phases to 

precipitate from supersaturated acidic fluids in laboratory experi-
ments are amorphous Al- and Fe-phosphates. In long-term (up to 
5 yr) laboratory experiments designed to test whether amorphous 
Al phosphates eventually become the crystalline Al-phosphate 
variscite after prolonged aging, Hsu (1982a) concluded that 
amorphous Al-phosphates, not variscite, are the likely products of 
phosphate fertilizers in acidic terrestrial soils. Similar long-term 
aging experiments of amorphous Fe-phosphates indicated that 
they were unlikely to recrystallize to the crystalline Fe-phosphate 
strengite for up to 66 months (Hsu 1982b). Analyses of terrestrial 
natural waters also indicate that Al and phosphate concentrations 
are consistent with control by equilibrium with either variscite or 
amorphous Al-phosphate under acidic conditions (Roncal-Herrero 
and Oelkers 2011), and sequential-fractionation data from extrac-
tion analyses of cultivated sandy soils from citrus groves in Florida 
suggest that amorphous Al- and Fe-phosphates and P associated 
with crystalline Al- and Fe-oxides account for a significant portion 
of the total P (Zhang et al. 2001). These results all suggest that 
amorphous Al- and Fe-phosphates are important on Earth, and 
potentially also on Mars.

Phosphorus may also be present sorbed to surfaces in the 
amorphous martian material. The lack of correlation between phos-
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