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INTRODUCTION

Microbiologically induced iron minerals are widely distrib-
uted in various geochemical environments, such as iron-silica
minerals in various hot spring (Ferris et al. 1986) and iron-
oxides and iron-sulfates in acid mine drainages (Clarke et al.
1997; Bigham and Nordstrom 2000) and in acid sulfate soils
(Fitzpatrick et al. 1992, 1996; Willett et al. 1992). In freshwa-
ter environments, various iron-aluminosilicates associated with
bacteria have been reported from river and lake sediments
(Konhauser et al. 1993, 1994, 1998) and from weathering en-
vironments of volcanic ash deposits (Kawano and Tomita
2001a, 2001b). Among these geochemical environments, the
acid mine drainages have been most extensively investigated
in terms of mineralogy, geochemistry, and geomicrobiology
(Bigham and Nordstrom 2000). The acid mine drainages are
commonly produced by biotic and/or abiotic oxidation of iron-
sulfides such as pyrite leading to the formation of sulfuric acid
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ABSTRACT

Mineralogy and geochemistry of a sulfuric acid spring water with a pH of 3.37 to 2.89 were
investigated to verify the formation processes of iron minerals and the effects of bacteria on their
formation. To estimate the solubility of schwertmannite, experimental dissolution in 10.0 mM H2SO4

was conducted and this solubility data was used for geochemical modeling. Experimental incubation
of the spring water containing bacteria was also performed and compared with a simulated abiotic
system to evaluate the role of bacteria in the mineral formation. The spring water seeps through
cracks of hydrothermally altered andesitic rocks containing pyrite, and precipitates schwertmannite
and jarosite. Schwertmannite appears as a film-like thin layer floating on the water surface and com-
posed of aggregates of spherical particles with diameters of 1 to 5 µm. Jarosite is produced as a
precipitate on submerged rock surfaces. The precipitate contains well crystallized jarosite spheres 5
to 10 µm in diameter. Some ellipsoidal to rod shaped bacteria covered or decorated by poorly ordered
iron minerals are also present in close association with the schwertmannite spheres. Results of the
experimental incubation demonstrate that the oxidation rates of Fe2+ are 5.3 × 103 to 7.2 × 103 times
greater than those of the simulated abiotic system, suggesting that the formation of the iron minerals
is promoted by bacterial oxidation of Fe2+. The dissolution experiment indicates that the solubility
product of the schwertmannite having an average chemical composition of Fe8O8(OH)5.9(SO4)1.05 is
approximately log Ks = 7.06 ± 0.09. Using this data, geochemical modeling reveals that the spring
water is supersaturated with respect to schwertmannite and also goethite and jarosite, but undersatu-
rated with respect to ferrihydrite. Additionally, it is confirmed that the bulk solution chemistry devi-
ates slightly into the stability field of goethite rather than jarosite. This suggests that the aquatic
environments in contact with the rock surfaces may be more acidic and/or enriched in SO4

2– relative to
the bulk solution, which may eventually lead to the formation of jarosite instead of goethite.

and the release of Fe2+ into aquatic environments (Kittrick et
al. 1982). In such acid mine drainages, poorly ordered iron
minerals such as schwertmannite and ferrihydrite are initially
formed as a metastable phase resulting from bacterial oxida-
tion of Fe2+, and jarosite and goethite are produced as thermo-
dynamically stable phases by subsequent crystallization (Brady
et al. 1986; Bigham et al. 1990, 1992, 1994, 1996a;
Schwertmann et al. 1995; Hochella et al. 1999; Yu et al. 1999).
Many field observations suggest that occurrences of these min-
erals are strongly dependent on solution chemistry, specifically
the pH and SO4

2– activity. For example, ferrihydrite normally
occurs at near neutral pH and lower SO4

2– activity conditions,
but schwertmannite forms under acidic conditions with pH =
2.5–4.5 (Bigham et al. 1996a; Yu et al. 1999). On the other
hand, goethite usually occurs from neutral pH to about pH = 3,
whereas jarosite appears at about pH < 3 if the SO4

2– activity is
too high (Bigham et al. 1996b). In order to evaluate the forma-
tion conditions of these minerals, accurate estimates of their
solubilities and thermodynamic stability relationships between
these minerals are very important. However, there is no accu-
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