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ABSTRACT
Phosphorus and nitrogen are essential macronutrients necessary for the survival of virtually all living organisms. In groundwater systems, these nutrients can be quite scarce
and can represent limiting elements for growth of subsurface microorganisms. In this study
we examined silicate sources of these elements by characterizing the colonization and
weathering of feldspars in situ using field microcosms. We found that in carbon-rich anoxic
groundwaters where P and N are scarce, feldspars that contain inclusions of P-minerals
such as apatite are preferentially colonized over similar feldspars without P. A microcline
from S. Dakota, which contains 0.24% P2O5 but ,1 mmol/ g NH 14 , was heavily colonized
and deeply weathered. A similar microcline from Ontario, which has no detectable P or
NH 14 , was barren of attached organisms and completely unweathered after one year. Anorthoclase (0.28% P2O5, ;1 mmol/g NH 14 ) was very heavily colonized and weathered,
whereas plagioclase specimens (,0.01% P, ,1 mmmol/g NH 14 ) were uncolonized and
unweathered. In addition, the observed weathering rates are faster than expected based on
laboratory rates. We propose that this system is particularly sensitive to the availability of
P, and the native subsurface microorganisms have developed biochemical strategies to
aggressively scavenge P (or some other essential nutrient such as Fe31 ) from resistant
feldspars. The result of this interaction is that only minerals containing P will be significantly colonized, and these feldspars will be preferentially destroyed, as the subsurface
microbial community scavenges a limiting nutrient.

INTRODUCTION
Increasing attention is being directed toward finding
and identifying subsurface microbial populations, and viable microorganisms have been found as deep as 1600 m
(Fliermans et al. 1994) and at temperatures exceeding 100
8C (Ehrlich 1996). Little is known, however, about subsurface microbial ecology and nutrient availability, yet
these issues are critical to understanding the viability of
these organisms in the subsurface. In many groundwater
environments, critical macronutrients such as nitrogen
and phosphorus are scarce, and their availability can limit
growth of the indigenous microbial community (e.g.,
Madigan et al. 1997). Even in oligotrophic environments,
terminal electron acceptor and carbon availability are often sufficient for a larger population of microorganisms.
Dissolved and extractable P and N, however, are just as
often depleted, and these elements are tightly cycled within the microbial community, limiting cell growth and potentially metabolic efficiency (Ghiorse and Wilson 1988).
Microorganisms are known to extract P from cryptocrystalline Fe phosphates and Al phosphates, and from
some crystalline phosphate minerals as well (Ehrlich
1996). Important primary mineral sources of P include
apatite [Ca5 (PO4)3 (F, Cl, OH)], variscite (AlPO4·2H2O),
strengite (FePO4·2H2O) and vivianite [Fe3 (PO4)2·8H2O].
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Total P in soils averages 26 mmol/g (805 ppm as P) (Bowen 1979), but the solubility of these minerals is extremely
low, especially in water with high Ca concentrations. A
groundwater at pH 7 in equilibrium with calcite and hydroxyapatite [Ca5 (PO4)3 (OH), log Ksp 5 2116.4] would
be expected to release ,0.05 mmol/L each of HPO22
and
4
H2PO24 (Lindsay 1979). Many microorganisms therefore
have developed biochemical strategies to enhance the P
availability of these insoluble sources (Babu-Khan et al.
1995; Ehrlich 1996), including the production of mineral
or organic acidity, or the production of Fe- or Al-chelating substances.
Although phosphorus is present in most rocks as a minor constituent, phosphate minerals are typically scarce,
with the average P2O5 content of sandstones ;0.04%
(Blatt et al. 1980). The P2O5 content of igneous rocks is
much higher, however, ranging from 0.01 to 0.5% (Nash
1984), and as high as 2.0% in alkaline, low-silica rocks.
The actual solubility of P in silicates is quite low and P
in primary feldspars is reported to range from only 6 to
;2000 ppm in alkali feldspars (Mason 1982; Smith
1983). Feldspars containing high concentrations of P in
solid solution are rare, and typically crystallize in pegmatitic environments after P has been concentrated in the
residual melt (Nash 1984). However many feldspars, particularly those from igneous rocks, contain abundant apatite inclusions. In these minerals, the fraction of P can
be substantial, and potentially biochemically significant.
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