
1 INTRODUCTION 

In many groundwater environments, organic carbon, 
electron acceptors, and critical nutrients such as ni-
trogen and phosphorus are scarce.  When carbon in 
the form of a contaminant is added to a groundwater 
system, the native microbial consortium rapidly util-
izes it for energy and growth, increasing the need for 
these substances, to the point where decreasing 
availability limits microbial growth (e.g. Madigan et 
al. 1997).  However, the minerals in the aquifer of-
ten contain these limiting inorganic nutrients, and 
organisms capable of extracting them may have a 
competitive advantage.   

In this study, nutrient-bearing silicates were used 
as the sole source of nutrients for a microbial popu-
lation to examine microorganisms’ ability to release 
and utilize silicate-bound nutrients. A model organic 
ligand was used to investigate ligand-promoted sili-
cate weathering and nutrient-release as well as mi-
crobial metabolism. 

1.1 Microbial silicate weathering 
To gain access to essential nutrients in silicate rocks, 
microorganisms must dissolve the silicate matrix 

and expose fresh nutrient for release and uptake.  
Microorganisms can alter silicate solubility directly 
when attached, by perturbing mineral-water 
equilibria and reaction dynamics at the point of at-
tachment and growth (e.g. Bennett et al. 2000).  
Bacteria have also been shown to accelerate the dis-
solution of silicates by the production of excess pro-
ton and organic ligands, but also in some cases by 
the production of hydroxyl, extracellular polysac-
charides (EPS), and enzymes (Welch et al. 1999, 
Berthelin & Belgy 1979, Malinovskaya et al. 1990).   

1.2 Organic ligands 
While accelerated silicate weathering has been ob-
served in previous studies at the USGS Toxics site 
near Bemidji, MN, the same site used in this study 
(Hiebert & Bennett 1992, Rogers et al. 1998) it is 
still not clear how microorganisms dissolve silicates.  
At Bemidji, the presence of organic ligands pro-
duced from metabolism of contaminating aromatic 
hydrocarbons corresponds to the increased dissolu-
tion of native silicates; therefore, ligand-promoted 
weathering is a likely mechanism.  However, or-
ganic ligand concentration in the bulk water is lower 
(~1 µM) than ligand concentrations used to achieve 
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ABSTRACT: In the subsurface environment mineralogy, microbial ecology and groundwater chemistry are 
an intimately linked biogeochemical system.  Slow infiltration of surface waters, and relatively simple ecosys-
tems, result in limited sources of essential nutrients.  In this environment, survival of a microbial community 
will be directly influenced by the organisms’ ability to extract nutrients directly from the aquifer mineralogy.   

The weathering of silicates and biodegradation of carbon substrate was investigated in anaerobic systems 
using controlled laboratory microcosms and native microbial consortia.  Microbial response was evaluated as 
a function of microcosm mineralogy, geochemical environment, and substrate availability.  In some experi-
ments a metal-chelating organic ligand, 3,4 dihydroxybenzoic acid (3,4 DHBA), was used as a source of 
chelated ferric iron, and to investigate mineral weathering rate and microbial metabolism. 

Microbial biomass increased when silicates containing trace phosphate mineral inclusions were added to 
the microcosm, while consumption of carbon substrate increased in the presence of iron oxide inclusions or 
chelated ferric iron.  The addition of silicates containing iron oxide inclusions correlated to an accelerated re-
lease of Si into solution.  The nature and extent of the microbe-mineral interaction will depend on the nutri-
tional requirements of the native microbial consortium at any given time, with selected minerals rapidly 
weathering apparently in violation of the traditional Goldich weathering sequence. 
 



Therefore, if ligand-promoted dissolution is respon-
sible, it must occur where organic ligand concentra-
tion is high, presumably in the microenvironment 
where attached microbes are excreting extracellular 
ligands.  

Microbially produced organic ligands include 
metabolic byproducts, extracellular enzymes, 
chelates, and both simple and complex organic ac-
ids.  These substances can enhance silicate dissolu-
tion rates by decreasing pH, forming framework-
destabilizing surface complexes, or by complexing 
metals in solution (Bennett & Casey 1994, Blake & 
Walter 1996, Drever & Vance 1994, Stillings et al. 
1996).  Welch & Ullman (1993) found that the rates 
of plagioclase dissolution in solutions containing or-
ganic acids were up to ten times greater than rates in 
solutions containing inorganic acids at the same 
acidity.  It is also possible that excreted metabolites 
can poison the surface, decreasing dissolution rate 
(Ullman et al. 1996). 

We propose that subsurface microorganisms can 
extract nutrients from silicates, often destroying the 
silicate matrix.  This interaction was observed in an 
anaerobic groundwater, where there is abundant car-
bon substrate, but apparently insufficient P for 
growth.  Microorganisms are capable of utilizing 
silicate-bound nutrients, and respond to the addition 
of metal chelating ligands, which increase silicate 
weathering and nutrient release.   

2 EXPERIMENTAL APPROACH 

While there is evidence that organic ligands may be 
a primary weathering mechanism at Bemidji, it is 
still not clear which ligand is responsible.  Cozza-
relli et al. (1994) found a wide variety of simple in-
termediate organic acids from aromatic degradation.  
The authors also identified complex substituted ben-
zoic acids at micromolar concentrations in the Be-
midji groundwater.  These hydroxybenzoates are a 
group of compounds related to microbial sideropho-
res that are produced by microorganisms to seques-
ter ferric iron in iron-limited environments (Neilands 
1993).   

We found that one compound, 3,4 dihydroxyben-
zoic acid (3,4 DHBA) chelated both Al and Si in ad-
dition to Fe(III), and increased the dissolution rate of 
feldspar at low temperature and pH=5.  Therefore, 
3,4 DHBA was used as a model organic ligand to 
test the hypothesis that microbially produced ligands 
dissolve silicate minerals and release nutrients 
within the silicate matrix.  3,4 DHBA was added (as 
Fe(III):3,4DHBA) to laboratory experiments to in-
vestigate its role in mineral weathering and micro-
bial metabolism. 

In this study laboratory microcosms were con-
structed using water and sediment from anaerobic 
zones in the petroleum-contaminated aquifer near 
Bemidji, Minnesota.  The anaerobic water has a pH 
of ~6.8, with very high DOC, ferrous iron and silica 
(see Bennett et al. 1993 for a detailed site descrip-
tion).  The native microbial population in the an-
aerobic ground water consists of iron reducers, fer-
menters and methanogens (e.g. Bekins et al. 1999).   

2.2 Laboratory microcosms 
Laboratory microcosms were constructed of sterile, 
nitrogen-purged serum bottles filled with 40 ml of a 
50:50 mixture of anaerobic formation water and 
sterile deionized water.  Sterile mineral chips, in-
cluding basalt, anorthoclase, microcline, plagioclase, 
and quartz, were then added to the serum bottles.  
Eight microcosms of each mineral type and 8 non-
mineral controls were constructed.  The anorthoclase 
and basalt contain inclusions of Fe (III) as iron ox-
ides, as well as apatite inclusions, while the micro-
cline contains only apatite inclusions.  The plagio-
clase and quartz have no detectable nutrient-bearing 
inclusions after analysis by whole rock, trace ele-
ment, and electron microprobe (Rogers et al. 1998).  
Aquifer sediments were collected anaerobically and 
aseptically using a freezing-shoe piston core barrel.  
Microorganisms were removed from the sediment 
using a dilute Tween 80 (10 mg l-1) solution and 
added to the microcosms. 

The microcosms were split into two equal sets.  
One set was amended with benzene and toluene 
(henceforth, BT) to a final concentration of 10 µmol 
l-1 and 30 µmol l-1 respectively.  The other set of mi-
crocosms was injected with 1 ml of air to cause pre-
cipitation of amorphous iron oxides.  Then 1mM 3,4 
DHBA, a strong ferric iron chelator, was added to 
each.  One microcosm from each mineral set was 
autoclaved and reserved as a sterile control. 

The concentration of BT was monitored with 
headspace analysis by flame ionization gas chroma-
tography of the vapor phase.  The concentration of 
3,4 DHBA and its byproducts were monitored using 
HPLC, on a Supelcogel column (ID# C-610H) with 
0.1% H3PO4 eluent and UV detection at 220nm.  
Once every 3 months all microcosms were sampled 
and analyzed for cations, ferrous iron, and ortho-
phosphate.  Cations were measured using ICP, fer-
rous iron by the bipyridine method, and orthophos-
phate by the stannous chloride method.  Biomass 
was monitored using direct counts with DAPI (4’, 6-
diamidino-2-phenylindole) on a confocal scanning 
laser microscope. 



Batch dissolution experiments were performed to 
measure the abiotic release of orthophosphate and 
iron from the silicate matrix compared to silica re-
lease when microorganisms were not present.  The 
silicates were prepared by crushing them in a sap-
phire mortar and pestle, then sieving to a fraction be-
tween 200 and 400 mesh.  The powders were then 
sonicated at low power for 2 x 25 seconds to remove 
any remaining fine fraction.  The powders were 
dried overnight at 140°C and surface area was char-
acterized with a Quantachrome Autosorb1 using a 7 
point BET with nitrogen as the adsorbate gas.   

The experiments were performed at pH 5 using 
two different electrolyte solutions: a 1 mM acetate 
buffer and a 1 mM 3,4 DHBA solution.  The reac-
tors were assembled with 0.2 g of sterile silicate 
powder per 200 ml of buffer solution and stirred at 
low speed at room temperature.  Samples of 10 ml 
each were taken once a day and analyzed for pH, or-
thophosphate, and major cations, including iron and 
silica.  Sterile techniques were used throughout. 

3 RESULTS AND DISCUSSION 

Laboratory microcosm experiments indicate that 
silicate mineralogy affects the rate of substrate utili-
zation.  We found that the consortium in micro-
cosms containing P and Fe-bearing silicates, such as 
anorthoclase and basalt, degraded toluene and ben-
zene faster than other silicates 

Degradation rates of 3,4 DHBA are similar to BT, 
with anorthoclase and basalt showing complete deg-
radation of the substrate.  The iron-reducing consor-
tium responded to the chelated iron in these micro-
cosms after 24 hours, and reduced the chelated iron 
to Fe(II) (e.g. Lovley & Woodward 1996).  Micro-
organisms began to degrade 3,4 DHBA after a short 
lag and transformed it to catechol (e.g. He & Wiegel 
1996).   

There were few differences in measured biomass 
between BT and 3,4 DHBA (Figure 1) microcosms,  

Figure 1.  Biomass measurements in live microcosms com-
pared to a sterile control, using DAPI direct counts.  Biomass is 
highest in microcosms that contain P-bearing silicates.   

suggesting that all substrates are readily available to 
the consortium.  However, increased biomass corre-
lated directly to the presence of silicate-bound P in 
the microcosm, with anorthoclase, basalt and micro-
cline showing the greatest increase. 

The differing rates of biodegradation may be the 
result of dual effects of growth and metabolism 
within the microbial population.  Iron reducers use 
iron as a terminal electron acceptor, for metabolism 
and energy, while P is a nutrient used for growth 
and addition of biomass and thus may not greatly 
impact metabolic rate.  Growth requires available P 
to manufacture phospholipids for cell membranes, 
while metabolism may need very little.  Iron reduc-
ers are stimulated by the presence of Fe, which in-
creases metabolism of benzene and toluene, sub-
strates degraded specifically by iron reducers at 
Bemidji (Anderson 1998, Lovley & Lonergan 1990).  
The presence of P allows the already stimulated iron 
reducers to dominate and grow, producing more 
biomass and degrading more BT. When only P is 
present, as in microcline microcosms, growth of the 
entire microbial population occurs, but metabolism 
does not increase, probably because BT degraders 
(possibly Fe-reducers) are not dominant.  Biomass 
measurements support this observation with in-
creased biomass in all P-bearing silicate micro-
cosms, but only increased biodegradation rate in 
those microcosms that also contained Fe.   

Laboratory microcosms were initially P and Fe-
limited, and the minerals provided the only source of 
these nutrients to the microbial community.  Of the 
P-bearing silicates only microcline had substantial 
release of phosphate into solution. 

Batch dissolution experiments indicate that both 
basalt and microcline release P at pH=5, while anor-
thoclase has minimal release, probably due to the 
form of phosphate present in each rock.  Both basalt 
and microcline contain fluorapatite, while anortho-
clase contains some fluorapatite but also less soluble 
REE phosphates (e.g. Vieillard & Tardy 1984).  
Abiotic release rates are similar to those observed in 
the live experiments.   

The solubility of the phosphate appears to be con-
trolled abiotically, with little influence by the micro-
organisms.  Biomass measurements indicate that the 
organisms utilize P (Figure 1) but they do not appear 
to influence P release on the time scale observed.  
However, over longer periods, the microorganisms’ 
ability to dissolve silicate and expose fresh surface 
area of apatite may allow them to continue extract-
ing P (e.g. Rogers et al. 1998). 
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basalt had enhanced Si release into solution (Figure 
2), and release was much greater in the microbially 
active system than in the abiotic system.  This also 
coincides with an increase in biomass, however mi-
crocline also has an increased biomass but no release 
of Si.  

Figure 2.  Release of Si in live microcosms compared to a ster-
ile control.  Note the substantial release of Si from microcosms 
containing anorthoclase and basalt.   

4 IMPLICATIONS 

It appears that P and Fe in silicates are available, and 
microorganisms benefit from the weathering of sili-
cates and the progressive exposure of new -mineral 
nutrients.  While organisms utilize P to produce 
more biomass, biomass alone does not increase 
weathering or biodegradation rate; these phenomena 
are related to the occurrence of Fe(III).  Silicate-
bound Fe(III) stimulates iron reducing bacteria, in-
creasing their metabolism and the degradation rate 
of benzene, toluene and the model ligand, 3,4 
DHBA.  Therefore, iron reducers may be responsi-
ble for degrading aromatic compounds and creating 
a microenvironment of degradation products, or-
ganic ligands, which dissolve the silicate matrix and 
release nutrients.  The dual incidence of P and Fe in 
the same silicate may enhance this interaction by in-
creasing the biomass of the responsible organism 
and not just the population at large. 

The mineralogy of native sediment may exert 
some influence over native microbial populations by 
providing necessary nutrients and potentially in-
creasing their metabolic rate as well as their bio-
mass.  Therefore, the mineralogy of an aquifer may 
play an integral part in controlling microbial ecol-
ogy, just as the microbial ecology plays a fundamen-
tal role in silicate diagenesis. 
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