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Mineralogy, microbial ecology, and mineral weathering in the subsurface are an inti-

mately linked biogeochemical system. Although bacteria have been implicated indirectly

in the accelerated weathering of minerals, it is not clear if this interaction is simply the

coincidental result of microbial metabolism, or if it represents a speciéc strategy of-

fering the colonizing bacteria a competitive ecological advantage. Our studies provide

evidence that silicate weathering by bacteria is sometimes driven by the nutrient re-

quirements of the microbial consortium, and therefore depends on the trace nutrient

content of each aquifer mineral. This occurrence was observed in reducing groundwa-

ters where carbon is abundant but phosphate is scarce; here, even resistant feldspars

are weathered rapidly. This suggests that the progression of mineral weathering may

be inèuenced by a mineral’s nutritional potential, with microorganisms destroying only

beneécial minerals. The rock record, therefore, may contain a remnant mineralogy that

reèects early microbial destruction of biologically valuable minerals, leaving a residuum

of “useless” minerals, where “value” depends on the organism, its metabolic needs, and

the diagenetic environment. Conversely, the subsurface distribution of microorganisms

may, in part, be controlled by the mineralogy and by the ability of an organism to take

advantage of mineral-bound nutrients.
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Interest in the microbial ecology of subsurface environments has grown tremendously in
the past 10 years, and viable microorganisms have been recovered from a wide range of
subsurface environments (Ghiorse and Wilson 1988; Chapelle and Lovley 1990; Madsen
and Ghiorse 1993; Ehrlich 1996a; Madigan, Martinka, and Parker 1997; Sharp, Parkes,
Cragg, Fairchild, Lamb, and Tranter 1999). The by-products of microbial metabolism, how-
ever, are geochemically reactive, and there is increasing evidence of a direct link between
the microbial ecology and the geochemistry of an aquifer (Fredrickson, Garland, Hicks,
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Thomas, Li, and McFadden 1989; Pedersen 1993; Lovley and Chapelle 1995), including
the accelerated dissolution of silicates (Vandevivere, Welch, Ullman, and Kirchman 1994;
Ullman, Kirchman, Welch, and Vandevivere 1996; Barker, Welch, Chu, and Banéeld 1998).
These observations, however, raise a fundamental question: Does the enhanced weathering
of a mineral by microorganisms offer an advantage to that population, or is it simply a
coincidental by-product of metabolism? We propose that microorganisms in the typically
nutrient-limited subsurface ecosystem promote, and directly beneét from, the weathering
of speciéc minerals.

Subsurface Microbial Ecology

Heterotrophic organisms gain energy from a proton motive force (PMF) generated by the
transfer of electrons from a reduced carbon substrate to an electron acceptor. In oxic systems,
aerobes utilize molecular oxygen as the electron acceptor, while NO¡

3 , Fe(III), and SO4
2¡

can be utilized by anaerobes when oxygen is absent (e.g., Chapelle 1993; Ehrlich 1996a;
Madigan et al. 1997). Most organisms also require nitrogen and phosphorus for cell growth
and metabolism, and these nutrients are often limiting in groundwater systems, especially
phosphorus . There are also a number of other necessary micronutrients that can limit micro-
bial growth and metabolism in some systems, such as potassium or magnesium, although
these are typically available even in dilute groundwaters. In an organic-rich groundwater,
therefore, phosphorus and nitrogen often become the limiting macronutrients (henceforth
“nutrients”), and microbial strategies that increase their bioavailability would enhance the
survival of the native consortium.

In many groundwater systems, soluble phosphate (PO4
3¡, or simply “P”) is scarce and

tightly cycled within the microbial community, potentially limiting growth of the indigenous
microorganisms (Ghiorse and Wilson 1988; Madsen and Ghiorse 1993; Madigan et al.
1997). All organisms require P for ATP and nucleotide production and biomass addition,
and many organisms have evolved biochemical strategies for extracting mineral-bound P
from such sources as hydrous Al- or Fe-phosphates by the production of acids or chelating
ligands or the reduction of Fe(III) to soluble Fe2C (Goldstein 1986; Halder and Chakrabartty
1993; Babu-Khan, Yeo, Martin, Duran, Rogers, and Goldstein 1995). Iron reducers, which
utilize mineral ferric iron as a terminal electron (Lovley, Baedecker, Lonergan, Cozzarelli,
Phillips, and Siegel 1989; Albrechtsen 1994), may release P from iron oxides and hydroxides
secondary to reductive dissolution (Jansson 1987).

As dissolved orthophosphate in groundwater becomes increasingly scarce, the micro-
bial consortia must scavenge it from poorly soluble minerals such as apatite (Goldstein
1986) or even apatite inclusions in silicates, and the organism best able to obtain P will
dominate the consortia. Our research suggests that attached microorganisms produce a very
reactive microenvironment at the mineral surface that accelerates the dissolution of silicate
minerals, releasing limiting P and Fe, which offers the colonizing organism a competitive
advantage. This results in a selective increase in biomass and productivity of the attached
bacteria at the expense of the mineral framework.

Mechanisms of Feldspar Weathering

To enhance the release of mineral nutrients from feldspars, microorganisms must accel-
erate the dissolution of the silicate matrix, thus exposing fresh nutrient for release and
uptake. There are, however, a limited number of mechanisms that can be perturbed to
produce accelerated feldspar weathering. The general model of feldspar dissolution in abi-
otic inorganic aqueous systems involves a multistep process of (1) initial rapid exchange of
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charge-balancingcations (KC, NaC, and/or Ca2C) for protons at the mineral surface; (2) slow,
rate-determining hydrolysis and formation of an activated complex; and (3) detachment of
silica and alumina species from the remaining framework and exposure of fresh surface
for reaction (Wollast 1967; Aagaard and Helgeson 1982; Helgeson, Murphy, and Aagaard
1984). The rate of this generalized reaction mechanism will be a function of temperature,
pressure, ionic strength, proton and hydroxyl concentration, and the presence of chelating
ligands, and these are the possible variables available for a microorganism to perturb.

pH Dependence of Feldspar Dissolution

The dissolution rate of feldspars is a complex function of pH with a rate minima at circum-
neutral pH fr D kCg, and faster dissolution with increasing proton fr D kC(aHC )mg and
increasing hydroxyl concentrations fr D kC(aOH¡ )ng (e.g., Wollast and Chou 1992; Hellman
1994), where r is the net dissolution rate, kC is the forward rate constant, and aHC and aOH¡

is the activity of proton and hydroxyl, respectively.
In simple solutions, variations in hydrolysis rate with pH are probably controlled by

the acid–base properties of bridging oxygens or terminal hydroxyl oxygens at the mineral
surface (Casey and Bunker 1990). The acid–base reactions on the mineral surfaces are
synonymous with the sorption of hydroxyl or hydrogen ions onto the oxide surface. The
surface concentration of both proton and hydroxyl can be signiécantly altered near surface-
adhering microorganisms or under bioélms.

Temperature, Pressure, and Ionic Strength

Temperature and pressure are fundamental controls of the rate of chemical reactions. Al-
though at earth surface conditions, pressure is not generally a signiécant inèuence on silicate
weathering reactions in solution, reaction rates can vary by several orders of magnitude over
a 100±C-temperature range (e.g., Lasaga 1981; Laidler 1987). The temperature dependence
of the dissolution rate constant can be evaluated using the empirically derived Arrhenius
relationship, kr D Ae

¡Ea RT , where kr is the dissolution rate constant, A is a pre-exponential
frequency factor, Ea is the activation energy, R is the gas constant, and T is the absolute
temperature. However, although temperature is an important variable to consider in feldspar
weathering kinetics, particularly with experimental determinations of rate, the ability of a
microorganism to signiécantly vary temperature at the mineral surface is probably slight.

At neutral to acidic pH, increasing ionic strength (I) increases the dissolution rate of
silica (Tadros and Lyklema 1968; Abendroth 1970), quartz (Dove and Crerar 1990; Bennett
1991), and ° -Al2O3 (Huang 1981). In contrast, feldspar dissolution rate decreases with
increasing ionic strength, probably by inhibiting the critical ion exchange reaction at the
feldspar surface (Stillings and Brantley 1995; Brantley and Stillings 1996). Around attached
microorganisms or bioélms there may be a signiécant change in ionic strength compared
with the bulk solution (Chenu and Roberson 1996), but it is difécult to suggest a mechanism
for decreasing ionic strength to affect an increase in dissolution rate and release of nutrient.

Organic Ligands

Microbially produced organic ligands include metabolic by-products, extracellular en-
zymes, chelates, and both simple and complex organic acids. These substances can inèuence
feldspar dissolution rates either by decreasing pH, by forming framework-destabilizing sur-
face complexes, or by complexing metals in solution.

Many investigators have found that organic acids enhance the dissolution of alumi-
nosilicate minerals or quartz both in éeld observations and from laboratory experiments
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(Grandstaff 1986; Surdam andMacGowan1988; HuangandLongo 1992;Welch and Ullman
1993; Bennett and Casey 1994; Drever and Vance 1994; Blake and Walter 1996; Stillings,
Drever, Brantley, Sun, and Oxburgh 1996). Welch and Ullman (1993) found that the rates
of plagioclase dissolution in solutions containing organic acids were up to 10 times greater
than the rates in solutions containing inorganic acids at the same acidity. Steady-state rates
of dissolution were highest (up to 1:3£10¡12 mol/cm2/sec) in acidic solutions (pH ª3) and
decreased (to 1 £ 10¡15 mol/cm2/sec) as acidity decreased toward neutral pH. The poly-
functional acids—oxalic, citric, succinic—and 2-ketoglutaric acids were the most effective
at promoting dissolution.

Biogeochemistry of Silicate Weathering

Microorganisms alter mineral solubility and dissolution kinetics both indirectly, by per-
turbing bulk groundwater chemistry, and directly when attached microorganisms perturb
mineral–water equilibria and reaction dynamics at the point of attachment and growth (e.g.,
Ehrlich 1996b). Fungi, for example, solubilize silicates by the production of both mineral and
organic acidity (Eno and Reuzer 1955; Silverman and Munoz 1970; Avakyan, Karavaiko,
Mel’nikova, Krutsko, and Ostroushko 1981; Callot, Maurette, Pottier, and Dubois 1987),
thus releasing critical nutrients (e.g., Jongmans, van Breeman, Lundstrom, van Hees,
Finlay, Srinivasan et al. 1997), yet the complexation of released Al3C reduces phytotoxicity
(Kinraide 1991). Fungi have been found to excrete higher concentrations of more effective
chelating agents than, for example, bacteria (Palmer, Siebert, and Hirsch 1991). However,
bacteria are more proliéc and exist in extreme environments that fungi cannot tolerate.
Lichen, a symbiotic association between fungi and algae, has been shown to weather rock
in situ (Jones, Wilson, and McHardy 1981), and Barker and Banéeld (1996) found that
lichen weathered syenite.

Bacteria have also been shown to accelerate the dissolution of silicates by the pro-
duction of excess proton and organic ligands, and in some cases by the production of
hydroxyl anion, extracellular polysaccharides (EPS), and enzymes (Berthelin and Belgy
1979; Malinovskaya, Kosenko, Votselko, and Podgorskii 1990; Hiebert and Bennett 1992;
Welch and Ullman 1993; Vandevivere et al. 1994; Barker et al. 1998). Welch, Barker, and
Banéeld (1999) found that a variety of extracellular polysaccharides signiécantly enhanced
the dissolution of plagioclase at pH 4 but had little effect at pH 7. EPS can also act as a nucle-
ation site for authigenic mineral formation (Barker and Hurst 1992; Urrutia and Beveridge
1994, 1995; Barker and Banéeld 1996; Fortin, Ferris, and Beveridge 1997; Barker et al.
1998). Increasing evidence also exists for a mechanism of direct silicate precipitation by
bacteria via metal sorption at the cell membrane (Beveridge and Murray 1980; Beveridge
and Fyfe 1985; Ferris, Schultze, Witten, Fyfe, and Beveridge 1989; Urrutia and Beveridge
1994; Konhauser and Ferris 1996). The precipitation of carbonate minerals coupled to
calcium silicate weathering has been suggested as a mechanism of global CO2 buffering
(Berner, Lasaga, and Garrells 1983) but has also been documented in the éeld. Ferris, Wiese,
and Fyfe (1994) found that cyanobacteria serve as nucleation sites for carbonate minerals
related to the weathering of basalt.

EXPERIMENTAL APPROACH

Characterizing the interaction of attached microorganisms on a silicate surface in situ
is problematic. A typical groundwater is nutrient- and/or carbon-limited with low titer
(101–105 cells/ml), and very low yield coefécients (Chapelle and Lovley 1990; Bekins,
Godsy, and Warren 1999). Sand grains collected from the target aquifer have often been
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subject to multiple episodes of physical and chemical weathering, resulting in a complex
history of surface alteration, making it difécult to unambiguously distinguish the inèuence
of microorganisms.

To characterize the inèuence of microorganisms on silicate weathering, we use in situ
microcosms (Hiebert and Bennett 1992) to characterize microbial colonization and min-
eral weathering in éeld settings, with adjunct laboratory–microcosm experiments used to
examine substrate utilization and by-product production. The éeld methods have been de-
scribed in detail elsewhere (Hiebert and Bennett 1992; Rogers, Bennett, and Choi 1998).
Brieèy, clean, sterile mineral chips are placed in permeable polyethylene chambers, and
these chambers are suspended in wells, or buried, in the target aquifer for periods of months
to years. Upon recovery, biological tissues are éxed using chemical critical-point drying
(Vandevivere and Bevaye 1993). Fixed samples are inspected in the laboratory using con-
ventional scanning electron microscopy (C-SEM) with an accelerating voltage of 30 kV,
and environmental SEM (E-SEM) for microbial abundance, colonization pattern, and etch
pit or mineral precipitate development.

Mineral and rock specimens were characterized using light microscopy, electron mi-
croprobe analysis, trace metal analysis, and whole rock analysis. For microprobe analysis,
the thin sections were carbon-coated, imaged, and probed using an accelerating voltage of
15 kV and a sample current of 15 nA. Both the silicate groundmass and the accessory min-
erals were examined to determine composition. Major element oxides were determined by
XRF and trace elements by ICP-OES (Activation Laboratories, Ontario, Canada). Results
have been described previously (Hooper and Hawkesworth 1993; Rogers et al. 1998) and
are summarized in Table 1.

TABLE 1 Whole rock and trace element analysis of rocks, minerals

Element Anor SD-Micr Olig O-Micr Plag Qtz Bst Oliv

SiO2 (%) 60.63 65.17 62.97 66.93 59.8 99.78 51.0 40.75
Al2O3 (%) 19.08 18.38 22.72 17.62 20.87 0.08 13.65 0.2
Fe2O3 (%) 4.41 0.9 1.3 1.78 1.07 0.02 14.12 9.73
MgO (%) 0.93 0.01 0.03 0.04 0.08 <0:01 4.54 50.75
CaO (%) 3.04 0.15 4.51 0.14 2.37 0.01 8.93 0.07
Na2O (%) 6.62 2.18 8.16 2.41 6.69 <0:01 2.67 <0:01
K2O (%) 3.99 13.5 0.6 11.88 7.37 0.03 1.07 0.01
TiO2 (%) 0.93 <0:01 <0:01 0.01 <0:01 <0:01 3.11 0.01
P (ppm) 1050 1225 130 <50 <50 90 3010 <50
Ba (ppm) 1130 36 51 102 438 <2 505 3
Zr (ppm) 243 <2 1 <2 <2 <2 175 <2
Cu (ppm) 10 7 11 11 6 8 24 7
Pb (ppm) 5 133 46 137 28 <5 6.2 5
Zn (ppm) 96 2 6 3 3 2 126 36
Ni (ppm) 36 4 19 5 2 14 85 2796
Mn (ppm) 841 48 106 85 57 73 896 802
Sr (ppm) 612 73 230 40 399 5 314 2
V (ppm) 42 2 2 2 2 2 431 2
Y (ppm) 35 2 2 2 2 <2 42 <2

Minerals/Rocks analyzed are anorthoclase (Anor), S. Dakota microcline (SD-Micr), Oligoclase
(Olig) Ontario microcline (O-Micr), plagioclase (Plag), quartz (Qtz) (Rogers et al. 1998), basalt (Bst)
(Hooper and Hawkesworth 1993), and olivine (Oliv).
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Field Studies

Our primary éeld study site is a petroleum-contaminated aquifer near Bemidji, Minnesota,
where dissolved hydrocarbons (principally the soluble aromatic compounds) are rapidly
degraded. Hydrocarbons in the anoxic region under the èoating oil pool are biodegraded pri-
marilyby iron (III) reduction (Lovley et al. 1989;Baedecker, Cozzarelli, Siegel, Bennett, and
Eganhouse 1993; Bekins et al. 1999) and by secondary methanogenesis (Revesz, Coplen,
Baedecker, Glynn, and Hult 1995) of produced organic acids. Degradation of the contami-
nating petroleum has produced a plume of inert and reactive organic and inorganic solutes,
including a variety of organic acids (Cozzarelli, Baedecker, Eganhouse, and Goerlitz 1994),
and etching of native quartz and feldspar grains has been documented (Bennett, Siegel,
Baedecker, Cozzarelli, and Hult 1993).

Parallel studies were carried out in the Glacial Lake Agassiz Peatlands to examine
microbial colonization and silicate weathering in a geochemically similar (high concen-
trations of dissolved carbon under anoxic conditions) but uncontaminated site. The study
site was in the boreal Lost River peatland, part of an expansive mire that has developed
over the bed of glacial Lake Agassiz, northern Minnesota. Here, peat has accumulated
to an average depth of 3 meters, with a variety of hydrologic and geochemical regimes
developing. In a comparison of a spring fen (groundwater discharge zone) and a raised
bog (groundwater recharge zone) (Bennett, Siegel, Hill, and Glaser 1990; Glaser, Bennett,
Siegel, and Romanowicz 1996) circum-neutral oxic conditions were found throughout the
spring fen proéle as groundwater discharged to the surface. The raised bog, in contrast,
incorporated two distinct geochemical zones, an oxic and acidic surface zone and an anoxic
circum-neutral deep zone, with groundwater èowing from acidic to neutral. Signiécant
methanogenesis occurs in the deeper portion of the bog, less in the shallow bog, and is
almost absent in the fen, with minor iron reduction in the bog.

Geochemical parameters, including dissolved carbon, nutrients, anions, cations, and
éeld parameters were determined from samples collected at the time of microcosm place-
ment and recovery using standard methods (Bennett et al. 1993). Total biomass on micro-
cosm minerals and in the water was determined as the total lipid biomass, and microbial di-
versity on mineral surfaces was estimated from SEM-imaged cell morphology, phospholipid
fatty acid analysis, and 16srRNA DGGE (denaturing gradient gel electrophoresis) analysis
(Microbial Insights, Inc., Rockford, TN). Diversity on mineral chips was also character-
ized by enrichment culture techniques using PRAS (prereduced, anaerobically sterilized)
prepared media appropriate for methanogens, iron reducer, and fermenters. These bottles
were allowed to incubate for 1 to 6 weeks before they were scored using standard methods
(Bekins et al. 1999).

Laboratory Microcosms

In addition to the éeld approach, laboratory microcosms of native consortia were constructed
using clean reference-mineral fragments inoculated with aquifer materials (sand or peat)
and groundwater from the éeld sites. Cores were collected from the microbially active
anoxic region of the contaminated Bemidji aquifer using a frozen-shoe, wire-line core
barrel (Murphy and Herkelrath 1996). The core material and the selected mineral type were
transferred to triplicate sterile serum bottles in an anaerobic chamber, énished with a 1:1
mixture of formation water and sterile anaerobic water, and amended with toluene. Peat
and peat-water were collected from shallow piezometers using a peristaltic pump. Dead
and uninfected control samples were also constructed, and split samples of sediments were
collected for microbial identiécation and standard geochemical analyses. Reaction progress
was determined by the periodic withdrawal and chemical characterization of 1-ml sample
aliquot.
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TABLE 2 Summary results from in situ microcosm minerals after exposure to
oil-contaminated groundwater and laboratory microcosms after incubating with
peat

In situ microcosms Peat microcosms

Mineral Colonized Weathered Colonized Weathered Si-release

Anorthoclase CCC CCC CCC CCC CCC
P-microcline C C CC ¡
Fe-microcline ¡ ¡ ¡ ¡
Quartz CC C C ¡
Olivine ¡ ¡ ** ** **
Basalt CCC CCC ** ** **
Oligoclase C C ** ** **
Plagoclase ¡ ¡ ** ** **
Apatite C CC ¡ CC ¡
Magnetite CCC C CCC C ¡

Increasing density of colonization, glycocalyx production, and mineral surface weather-
ing are indicated by C through CCC. ¡ indicates that the feature was not observed. **indi-
cates that mineral system was not examined.

Observations and Interpretations

In situ colonization experiments in the oil-contaminated aquifer, conducted over periods of
3 to 12 months, show a distinct pattern of colonization and weathering. A similarly distinct
response is observed in laboratory microcosms with the addition of speciéc mineral chips.
On quartz surfaces, the attached microbial consortium is relatively diverse, though sparse,
with signiécant glycocalyx development (Table 2). Surfaces are lightly etched near the
colonizing organisms, particularly under the glycocalyx (Hiebert and Bennett 1992). Large
colonies are never found on the quartz surface, only individual organisms or small groups.

Ontario microcline, oligoclase, and plagioclase (ªAn40) surfaces are all barren of
microbiota, bioélm development, or chemical weathering (Table 2). None of these feldspars
contained detectable P, although they all contain 3000–6000 ppm Fe(III). Oligoclase (ªAn25)
is lightly colonized with evidence of chemical weathering, and this specimen contains
ª130 ppm P. Addition of these minerals to nutrient-limited laboratory microcosms does
not inèuence toluene utilization rate or methane production (Table 2).

Anorthoclase and South Dakota microcline, with 1050 and 1220 ppm P and 12,000
and 2,500 ppm Fe(III), respectively, are heavily colonized and weathered (Figures 1, 2).
Initial colonization (observed after 3 months) is by a morphologically diverse consortium,
with diversity decreasing over time (12 months) as mineral weathering progresses. On the
microcline specimen, secondary clays (smectite?) are observed on uncolonized, unweath-
ered mineral surfaces (Figure 3), while clays appear to nucleate and grow on the cell wall
surface of organisms colonizing anorthoclase (Figure 1). The P in anorthoclase and micro-
cline occurs as inclusions of bladed apatite (Rogers et al. 1998). Iron oxides are present
in the anorthoclase while South Dakota microline does not contain iron-bearing accessory
minerals.

Using the enrichment culture method, both anorthoclase and South Dakota microline
recovered from the oil-contaminated aquifer scored positive for colonization by Fe reducers
and fermenters. Analysis of the phospholipid fatty acids (PLFA; Microbial Insights, Inc.,
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FIGURE 1 E-SEM image of anorthoclase surface after 1 year. Surface weathered and
covered with cocci or diplococci, which are coated in a secondary clay precipitate. Scale
bar D 1 πm.

Rockford, TN) shows that the water and sediment from that aquifer zone have similar mi-
crobial consortia dominated by gram-negative anaerobes, probably Geobacteracae and
Geothrix (e.g., Rooney-Varga, Anderson, Fraga, Ringelberg, and Lovley 1999). The con-
taminated sediment in the anaerobic zone under the oil supports a speciéc lipid biomass

FIGURE 2 C-SEM image of South Dakota microcline surface after 1 year with deep etch
features. Scale bar D 1 πm.
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FIGURE 3 C-SEM image of uncolonized SD microcline surface with clay (smectite?)
precipitation. Scale bar D 1 πm.

(cells per unit surface area) of approximately 106 cell/m2. After 9 months in situ, a set of
anorthoclase chips accumulated 10 to 20 times the speciéc biomass of the surrounding sed-
iment, while the PLFA analysis suggests a decrease in diversity in the microbial consortium
on the mineral surface. In laboratory microcosms using oil-contaminated sediment without
nutrient addition, bottles amended with anorthoclase degraded toluene twice as fast as the
SD-microcline bottle, and 5 times faster than the quartz microcosm. We theorize that the
system is both P-limited and possibly Fe(III)-limited to the iron-reducing organisms, which
dominate the population. Both P and Fe(III) are present in the anorthoclase, and available,
while the SD- microcline contains only available P.

Colonization is not observed on olivine after >12 months, and no indication of weath-
ering was observed (Table 2). The olivine contains no detectable P, and although there is Fe,
there are relatively high concentrations of other metals, particularly Ni (ª3000 ppm). It is
possible that Ni acts as a biocide or in some other way inèuences the colonization behavior.

Extremely heavy colonization is observed on crystalline Columbia River basalt after
only 3 months of exposure to the oil-contaminated groundwater (Figures 4–6). The basalt
contains ª3000 ppm P occurring as apatite, but less than 100 ppm Ni. Only one morpho-
type is observed, and this organism attaches to the surface via élaments without a distinct
glycocalyx layer. The appearance of this organism-mineral ecosystem appears to progress
from a smooth cell attached to an unaltered mineral surface (Figure 4) to a slightly bumpy
cell attached to a slightly pitted mineral surface (Figure 5) to an extremely distorted cell
attached to an extremely etched mineral surface (Figure 6). Although this chip was in the
aquifer for 3 months, we interpret a variable attachment time for organisms based on the
attachment mechanism, apparent silicate weathering, and degree of mineral precipitation
onto the cell. The last stage of this possible time line shows the attached organism to be
extremely misshapen and possibly no longer viable.

The angular morphology of the material growing on the cell surface (Figure 6) suggests
a crystal precipitate, rather than bacteriophage, budding, or some organic material. Con-
sidering that the pore-water is supersaturated with respect to calcite (Bennett et al. 1993),
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FIGURE 4 C-SEM image of basalt surface after 3 months with attached bacteria. Scale
bar D 1 πm.

and dissolving basalt releases substantial Ca2C (CaO % D 8:93), we hypothesize that these
precipitates are calcite. These putative calcite crystals cover a maximum of ª50% of the
exposed cell wall, at which point there appears to be loss of cell shape and integrity and
no further addition of calcite. This suggests that mineral precipitation is only associated

FIGURE 5 C-SEM image of basalt after 3 months with attached bacteria and evidence
of general weathering of the surface and mineral precipitation on the organism’s cell wall.
Scale bar D 1 πm.
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FIGURE 6 C-SEM image of basalt after 3months with extensive weatheringof the mineral,
and extensive precipitation on the cell wall. This cell may not be viable. Scale bar D 1 πm.

with living organisms and that the precipitate may interfere with cell metabolism or nutrient
transport across the cell wall.

Peat–Bog System

Field and laboratory microcosm experiments from the oil-contaminated water suggest that
microorganisms ina nutrient-limited groundwater destroy silicates to liberate P, and possibly
Fe. To test this hypothesis, we constructed laboratory microcosms using a completely
different microbial community. Raw peat and peat-water (pH 4–5) from the Lost River
bog were combined with speciéc minerals as the sole sources of Fe(III) and P, to determine
changes in iron reduction, release of P, and dissolution of the silicates.

In sterile microcosms at pH 4, anorthoclase releases P but little Fe or Si. In infected
microcosms where anorthoclase is the sole source of inorganic P and Fe(III), the mineral
rapidly dissolves, accompanied by iron reduction and release of dissolved silica (Figure 7),
but little P is detected, possibly due to immediate uptake by the microorganisms. (Table 2;
Figure 8). When apatite is the sole source of inorganic P, it readily dissolves at the acidic pH
(Figure 9), and PO4

3¡, concentration is >2 ppm (nonlimiting conditions). In microcosms
where silicates are mixed with apatite, there is no release of silica and no evidence of silicate
weathering, presumably because P is no longer limiting.

When iron minerals such as magnetite are present with apatite, PO4
3¡ concentrations

are ª200 ppb higher than when iron minerals are absent, and Fe2C concentrations also
increase. P is not released in microcosms in which magnetite is the sole mineral, although
the magnetite is heavily colonized (Figure 10); therefore, magnetite does not appear to
be a signiécant source of P. When the bog waters are dominated by methanogenesis, the
presence of ferric iron oxide minerals apparently stimulates the iron-reducing population.
Under these conditions, we observe increased release of P into solution and, in the case
of anorthoclase, an apparent increase in biomass and accelerated weathering of the silicate
matrix.
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FIGURE 7 Graph of release of silica, orthophosphate, and ferrous iron in bog microcosms.
Concentrations are delta values, from the average of tripicate microcosms normalized to a
sterile control. All concentrations are expressed in ppm.

Alternative Hypotheses

These experiments are not deénitive, and alternative explanations must be considered.
Colonization may simply be controlled by differences in the mineral surface charge, where
a positively charged surface would be more readily colonized by negatively charged bacteria
due to simple coulombic attraction (Costerton, Marrie, and Cheng 1985). The data, however,

FIGURE 8 C-SEM image of anorthoclase surface from laboratory microcosm containing
peat-water, after 6 months. Scale bar D 1 πm.
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FIGURE 9 C-SEM image of apatite surface from laboratory microcosm containing peat-
water, after 6 months. Extensive etch pits are apparent. Scale bar D 1 πm.

do not support this as the dominant control. Minerals with essentially identical chemistry and
surface properties, such as two different microlines, have dramatically different colonization
density, with only the P-containing feldspar colonized (Table 2).

The observed differences in weathering rate may simply reèect the fundamental dis-
solution rate of the selected minerals. Parallel laboratory investigations of the dissolution
rate of split samples of the microcosm minerals show that the target feldspars dissolve

FIGURE 10 C-SEM image of magnetite surface from laboratory microcosm containing
peat-water, after 6 months. Scale bar D 1 πm.
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extremely slowly in inorganic solutions between pH 4 and 7. Dissolution rate, however, is
greatly accelerated with low concentrations of phenolic acids (intermediates of anaerobic
degradation of aromatic hydrocarbons) via a ligand-promoted mechanism. In contrast to
the éeld observations, however, these abiotic experiments show that the relative dissolu-
tion rates follow the expected weathering sequence with plagioclase dissolving much more
rapidly than microline. The in situ minerals weather in the reverse sequence, related only
to colonization, with uncolonized plagioclase stable relative to colonized microline and
anorthoclase (Rogers et al. 1998).

IMPLICATIONS

The biologically mediated destruction of silicate minerals to liberate limiting inorganic
nutrients is a fundamental observation of subsurface microbial ecology, and may impact
our interpretation of the mineral weathering sequence in the rock record. A basic tenet of
sediment diagenesis, the “Goldich Weathering Sequence” (Goldich 1938), states that the
most unstable silicate mineral will weather (dissolve) érst, with more resistant silicates
taking progressively longer to dissolve (from least to most stable), olivine < plagioclase <
albite< anorthoclase ª microcline < quartz. The observed weathering sequence of minerals
in an anaerobic, microbially controlled system, however, is almost opposite, with olivine
stable with respect to microcline, and the relationship between microbial colonization and
weathering rate almost perfectly correlated. This suggests that, in some environments, the
indigenous microorganisms may signiécantly alter weathering patterns as they aggressively
scavenge limiting nutrients.

If microorganisms colonize and destroy speciéc feldspars to release limiting nutri-
ents, then feldspar weathering is not always controlled by simple abiotic kinetics. In this
microbial weathering scenario, colonized feldspars containing trace nutrients may weather
very quickly and early, leaving behind only a clay residuum and those feldspars without
nutritive value. Alternatively, the weathering rate of Ca-containing feldspars through geo-
logic time, a potential part of the global carbon dioxide balance (Berner et al. 1983), may
be partly controlled by the trace nutrient potential of each mineral and the local microbial
ecology.
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