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Kinetics of microbial Fe(III) oxide reduction in freshwater wetland sediments
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Abstract

The kinetics of microbial amorphous Fe(III) oxide reduction was investigated in sediments from a freshwater
wetland in north central Alabama, USA. Fe(III) oxide concentrations decreased exponentially with time during
anaerobic incubation of sediment slurries and homogenized surface sediments. Rates of organic carbon minerali-
zation (SCO2 1 CH4 accumulation) did not change markedly during the course of Fe(III) oxide reduction, which
indicated that the exponential decline in Fe(III) oxide concentration over time resulted primarily from Fe(III)
limitation rather than a decrease in organic matter decay rate. Initial rates of Fe(III) oxide reduction were linearly
correlated with initial Fe(III) oxide concentrations in experiments with mixtures of Fe(III)-rich and Fe(III)-depleted
sediment slurries. Similar results were obtained in experiments with sediment from various depth intervals in the
upper 3 cm of freshly collected cores. These findings provide explicit evidence that microbial Fe(III) oxide reduction
rates are first order with respect to amorphous Fe(III) oxide concentration in the wetland sediment. The observed
first-order relationship between Fe(III) oxide concentration and reduction rate is consistent with established models
of surface area–controlled mineral transformation. An experiment in which Fe(III) oxide-rich sediment slurries were
amended with different amounts of labile organic matter demonstrated a direct correlation between first-order Fe(III)
reduction rate constants and initial rates of organic carbon mineralization. These results provide empirical support
for existing approaches to modeling organic matter decay-dependent Fe(III) oxide reduction kinetics in sediments.

Fe(III) oxides together with aqueous and solid-phase
Fe(II) compounds are abundant components of many hydro-
morphic soils and aquatic sediments, and the redox cycling
of Fe exerts a wide-ranging influence on the biogeochem-
istry of sedimentary environments where Fe is abundant
(Ponnamperuma 1972; Lovley 1991; Davison 1993). Recent
studies in both freshwater (Roden and Wetzel 1996) and ma-
rine (Canfield et al. 1993; Thamdrup et al. 1994; Hines et
al. 1997; Thamdrup 2000) habitats indicate that dissimilatory
microbial Fe(III) oxide reduction contributes substantially to
sediment carbon metabolism. Microbial Fe(III) oxide reduc-
tion can play a major role in suppressing methanogenesis in
freshwater environments, both in surface sediments (Lovley
and Phillips 1986b; Achtnich et al. 1995; Roden and Wetzel
1996) and in the rhizosphere of aquatic plants (Roden and
Wetzel 1996; Van Der Nat and Middelburg 1998; Frenzel et
al. 1999) where oxygen input from plant roots drives a dy-
namic Fe redox cycle.

Although a large body of knowledge exists on sedimen-
tary Fe transformations and their environmental significance
(e.g., Lovley 1991; Stumm and Sulzberger 1992; Davison
1993), detailed information on the in situ kinetics of many
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key processes is still not available. Understanding the ki-
netics of microbial Fe(III) oxide reduction is a prerequisite
for modeling carbon and energy flux through sedimentary
Fe cycling and the impact of Fe(III) oxide reduction on other
electron-accepting processes (Thamdrup 2000), as well as
for predicting the fate of inorganic and organic contaminants
whose behavior is linked to Fe redox chemistry (Van Cap-
pellen and Wang 1995). To date there has been no definitive
demonstration of the kinetics of this process, e.g., in a man-
ner analogous to how the kinetics of bacterial sulfate reduc-
tion in marine sediments has been defined in relation to sul-
fate and particulate organic carbon concentration (Boudreau
and Westrich 1984; Westrich and Berner 1984). Analysis of
the kinetics of microbial Fe(III) reduction in sediments pre-
sents a unique problem relative to other terminal electron-
accepting reactions (e.g., oxygen, nitrate, and sulfate reduc-
tion) because Fe(III) oxides are highly insoluble at
circumneutral pH. As a result, the reduction process involves
the interaction of bacterial cell surfaces with particulate ox-
ide phases that are not transported into the cell (Lovley 1987;
Ghiorse 1988).

We report here on the kinetics of amorphous Fe(III) oxide
(referred to hereafter simply as Fe(III) oxide) reduction in
sediments of a freshwater wetland in north central Alabama,
USA. The goal was to resolve basic quantitative features of
microbial Fe(III) oxide reduction in a representative Fe-rich
freshwater sediment. The wetland site provides an ideal ven-
ue for this analysis because sulfide-linked Fe(III) reduction
is minor as a result of low sulfate abundance and sediment
Fe diagenesis is therefore dominated by direct enzymatic
Fe(III) reduction (Roden and Wetzel 1996).

Materials and methods

Study site—Sediments were obtained from a freshwater
wetland located in the Talladega National Forest in north
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central Alabama, USA. The wetland was formed ca. 50 yr
ago by beaver activity that flooded 1.5 ha of forest floor.
Talladega Wetland (TW) waters are soft (alkalinity 5 0.05–
0.1 meq L21, conductivity 5 8–50 mS cm21) and weakly
acidic (pH 5.5–6.8) (Stanley and Ward 1997). Approximate-
ly 10–15 cm of organic-rich (20–30% dry weight) uncon-
solidated sediment has accumulated over the original forest
soil since impoundment (Mann and Wetzel 2000). The sed-
iments are rich in Fe (ca. 5% dry weight) owing to the Fe-
rich Ultisol soil regime in which the wetland is situated.
Overlying water nitrate concentrations are low (,1 mM;
Stanley and Ward 1997), and solid-phase Mn is 100-fold less
abundant than Fe (E. Roden, unpubl. data). Hence nitrate
and Mn(IV) oxide reduction are likely insignificant in sedi-
ment carbon metabolism in TW sediments. In addition, sul-
fate concentrations are in the low range for freshwater sys-
tems (,40 mM), which strongly limits the role of sulfate
reduction in sediment carbon metabolism and Fe diagenesis
(Roden and Wetzel 1996). The majority (ca. 80%) of total
reactive Fe in TW sediments (as determined by citrate-di-
thionite extraction; Canfield 1989) is in the form of 0.5 M
HCl-extractable Fe, which comprises amorphous Fe(III) ox-
ides and solid-phase Fe(II) compounds (Roden and Wetzel
1996; Roden and Edmonds 1997). Concentrations of amor-
phous Fe(III) oxide are high (20–75 mmol L21) in surface
sediments and decrease rapidly with depth as a result of
intensive bacterial reduction (Roden and Wetzel 1996).

Sediment sampling and Fe analysis—Undisturbed sedi-
ment cores were obtained manually with 10-cm ID Plexiglas
tubes with a sharpened edge at the bottom. Sediment cores
were returned to the laboratory and held at room temperature
(22 6 18C) overnight before being transferred to an anaer-
obic chamber (Coy Products) and sectioned at 0.25- to 1.0-
cm intervals. On two occasions, surface sediment (0–0.25
cm) was collected with a 60-ml plastic syringe, and the sed-
iments were quickly transferred to a 125-ml flask, which was
completely filled and sealed with a rubber stopper. Subse-
quent manipulation of the surface sediments was carried out
in the anaerobic chamber. Concentrations of amorphous
Fe(III) oxide and total Fe(II) (solid 1 dissolved) were quan-
tified by extracting (1 h) 0.1- to 0.5-ml volumes of sediment
with 5–10 ml of 0.5 M HCl, followed by colorimetric (Fer-
rozine) determination of Fe(II) and total Fe in 0.025- to 0.1-
ml aliquots of the extracts (Roden and Lovley 1993). Fe(III)
was calculated from the difference between total Fe and
Fe(II).

Surface sediment incubation experiments—Fe(III) oxide
reduction was monitored in homogenized sediment from dif-
ferent depth intervals in the upper 3 cm of TW sediments,
with material combined from three or four replicate cores.
On two occasions, Fe(III) reduction was studied in homog-
enized surface sediment (0–0.25 cm) collected with a plastic
syringe (see above). Portions of homogenized sediment (2–
3 ml) were incubated (in the dark at room temperature) under
N2 in 15-ml serum vials over a 2–3 week period. Replicate
vials were sacrificed at 1–5-d intervals (2 or 3 samples per
time point) for measurements of 0.5 M HCl-extractable
Fe(III) and Fe(II) concentration. Production of SCO2 (gas-

eous CO2 1 dissolved inorganic carbon) and CH4 was mea-
sured during these experiments with a previously described
gas chromatographic approach (Roden and Wetzel 1996).
Although methanogenesis was inhibited during the initial
stages of Fe(III) oxide reduction, substantial production of
CH4 occurred toward the end of the incubations as Fe(III)
was depleted. Therefore, it was necessary to estimate total
rates of organic carbon mineralization in these and other
experiments from the combined accumulation of SCO2 and
CH4.

Sediment slurry experiments—Slurries were prepared with
material from the upper 5–10 cm of sediment. Sediments
were homogenized, passed through a 1-mm sieve, and mixed
with anaerobic distilled water (1 : 1 v/v). The slurries were
incubated in the dark at room temperature for ca. 2 weeks
to deplete Fe(III) oxides. Portions of the slurry were then
oxidized by stirring and bubbling with air for 24 h. This
procedure converted virtually all (.90%) of the solid and
dissolved Fe(II) in the sediment to amorphous, 0.5 M HCl-
extractable Fe(III) oxide. The slightly acidic (pH 5–6) oxi-
dized sediments were neutralized with NaOH and made an-
aerobic by sparging with O2-free N2 : CO2 (90 : 10%).

An inoculum (5% vol) of reduced sediment was added to
oxidized slurries to reestablish anaerobic bacterial popula-
tions. Portions of sediment slurry (2–50 ml) were then trans-
ferred under N2 to serum bottles (15–100 ml), and the bottles
were sealed with thick rubber stoppers. In some experiments,
replicate (2 or 3) larger bottles of sediment slurry (50 or 100
ml initial volume) were repeatedly sampled for 0.5 M HCl-
extractable Fe(III) and Fe(II) at 1- to 5-d intervals over a 3-
to 4-week incubation period. Samples (0.25 or 0.5 ml) were
withdrawn from the bottles using N2-flushed 1-ml syringes
with 18 G disposable needles. In other experiments, replicate
smaller bottles containing 2–3 ml of slurry were sacrificed
at comparable intervals for determination of 0.5 M HCl-
extractable Fe(III) and Fe(II). All sediment slurries were in-
cubated in the dark at room temperature. Production of SCO2

and CH4 was measured via gas chromatography during one
of the slurry experiments.

The rate of Fe(III) oxide reduction as a function of initial
Fe(III) concentration was examined by combining different
proportions of oxidized (Fe(III)-rich) and reduced (Fe(III)-
depleted) sediment slurries and following the consumption
of Fe(III) over time as described above.

The relationship between Fe(III) oxide reduction rate and
labile organic matter (OM) abundance was investigated by
following the consumption of Fe(III) over time in oxidized
sediment slurries amended with different amounts of fresh
OM (equivalent to 0, 0.125, 0.25, 0.5, 0.75, or 1.0% dry
weight) in the form of heat-killed (808C, 1 h) baker’s yeast.
Baker’s yeast was used as a surrogate for phytoplankton-
derived organic detritus in previous studies of the effect of
OM on sediment metabolism (Caffrey et al. 1993). Produc-
tion of SCO2 and CH4 was measured via gas chromatogra-
phy in parallel with Fe(III) oxide reduction in this experi-
ment. Once complete reduction of the Fe(III) oxide content
of the different slurries was achieved (after 5 to 35 d, de-
pending on the level of OM amendment), the abundance of
dissimilatory Fe(III)-reducing bacteria (FeRB) was estimated
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Fig. 1. Fe(III) reduction during anaerobic incubation of (A) ox-
idized TW sediment slurries and (B) TW surface sediments. The
different symbols show averages of duplicate or triplicate bottles
for separate experiments. Symbol legends indicate initial Fe(III) ox-
ide concentrations in mmol cm23. Solid lines are nonlinear least-
squares regression fits of pooled data to Eq. 1; dashed lines are
nonlinear least-squares regression fits of the data to Eq. 14; best-fit
parameter values are listed in Table 2. Open symbols show SCO2

1 CH4 production during anaerobic incubation; the lines are linear
least-squares regression fits.

Fig. 2. Fe(III) reduction during anaerobic incubation of slurries
containing different proportions of oxidized (Fe(III)-rich) and re-
duced (Fe(III)-depleted) TW sediment. Different symbols show av-
erages of duplicate or triplicate bottles for four sets of slurries out
of eight total. Symbol legends indicate initial Fe(III) oxide concen-
trations in mmol cm23. Solid lines are nonlinear least-squares re-
gression fits of pooled data to Eq. 1; best-fit parameter values are
listed in Table 2.

with a most probable number (MPN) technique similar to
that used previously for enumeration of FeRB in TW sedi-
ments (Coates et al. 1998). The bicarbonate-buffered (30
mM, pH 6.8) medium for MPN determinations contained (1)
ca. 20 mmol cm23 of synthetic amorphous Fe(III) oxide; (2)
10 mM acetate, 10 mM lactate, and 20% H2 (in headspace);
and (3) a mixture of vitamins and trace elements (Lovley
and Phillips 1986b). The combination of acetate, lactate, and
H2 was assumed to provide suitable electron donors for all
the major groups of dissimilatory Fe(III)-reducing bacteria
(Lovley 2000). The culture medium was supplemented with
2 mM FeCl2 · 2H2O (added by needle and syringe from a
filter-sterilized 200 mM stock solution) as a reductant prior
to inoculation. Cultures were incubated in the dark at room
temperature for 6 months. The presence of Fe(III) oxide re-
duction activity was assessed visually from color changes
and was checked when necessary by 0.5 M HCl extraction
and Fe(II) analysis. MPN estimates were obtained from ta-
bles 5–7 in Woomer (1994).

Abiotic Fe(III) oxide reduction by ascorbate—Rates of
abiotic Fe(III) oxide reduction by ascorbate were determined
for oxidized sediment slurries and surface (0–0.25 cm) sed-
iments by the procedure described in Postma (1993). A small
portion (0.5–1 ml) of slurry or surface sediment was added
to 100 ml of O2-free 10 mM ascorbic acid (pH 3) to yield
a final Fe(III) concentration of 0.4–0.5 mmol cm23. Concen-
trations of aqueous Fe(II) were monitored over time by fil-
tering (0.45 mm) 1-ml subsamples into 5 ml of Ferrozine
and immediately reading the A562. Comparison of Fe(II) evo-
lution during extraction of surface sediment with 10 mM
ascorbate (pH 3) versus 1 mM HCl (pH 3) indicated that
proton-promoted dissolution of endogenous Fe(II) phases
(which in the case of TW surface sediment accounted for
20–30% of 0.5 M HCl-extractable Fe) did not influence the
apparent kinetics of Fe(III) oxide reduction by ascorbate.

Results

Fe(III) oxide reduction time course experiments—Con-
centrations of amorphous Fe(III) oxide decreased exponen-
tially over time to a nonzero asymptote during anaerobic
incubation of oxidized TW sediment slurries (Fig. 1A) and
homogenized TW surface sediments (Fig. 1B). The Fe(III)
versus time data for these and other Fe(III) oxide reduction
experiments were normalized to the initial Fe(III) oxide con-
centration (Fe(III)0) in order to permit nonlinear regression
analysis of pooled data from experiments with different start-
ing Fe(III) concentrations (see Discussion). Similar patterns
of Fe(III) oxide depletion were observed during anaerobic
incubation of slurries containing different proportions of ox-
idized and reduced sediment (Fig. 2) and homogenized sed-
iments from various depth intervals in the upper 3 cm of
TW sediment cores (Fig. 3). In all of the experiments in
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Fig. 3. Fe(III) reduction during anaerobic incubation of sedi-
ments from the 0–0.25, 0.25–0.5, 0.5–0.75 cm, and 0.75–1.0-cm
depth intervals of TW sediment cores. Symbols represent averages
of duplicate bottles sacrificed at each time point. Solid lines show
nonlinear least-squares regression fits of the pooled data to Eq. 1;
best-fit parameter values are listed in Table 2. Open symbols in each
panel show SCO2 1 CH4 production during anaerobic incubation;
the line is a linear least-squares regression fit.

Fig. 4. Initial Fe(III) reduction rate versus initial Fe(III) oxide
concentration in slurries containing different proportions of oxidized
and reduced TW sediment. Initial rates were computed from the
first derivative of nonlinear regression fits to Eq. 1, evaluated at t
5 0. The different symbols show averages of triplicate bottles for
two separate experiments. Error bars were computed from the stan-
dard error of the kred and [Fe(III)0 2 Fe(III)nr] regression parameters
via error propagation (Bevington and Robinson 1992). The line is
a linear least-squares regression fit; the error term for the slope is
the standard error of the regression parameter.

which rates of organic carbon mineralization were moni-
tored, SCO2 1 CH4 production was generally linear during
the main period of Fe(III) reduction (Figs. 1 and 3; see also
Fig. 7B). However, in some experiments (Figs. 1 and 7B),
rates of SCO2 1 CH4 evolution were somewhat higher dur-
ing the first 5 d than during the following 1–2 weeks of
incubation.

Initial Fe(III) oxide reduction rate versus Fe(III) oxide
concentration—Initial Fe(III) oxide reduction rates in the
mixtures of oxidized and reduced sediment (Fig. 2) were
computed from the first derivative of nonlinear regression
fits of Fe(III) versus time data to Eq. 1 below, evaluated at
t 5 0. The rates so obtained were linearly correlated with
starting Fe(III) oxide concentration (Fig. 4, squares). A re-
peat of this experiment yielded comparable results (Fig. 4,
circles). Initial rates of Fe(III) reduction in three separate
core sectioning-incubation experiments were also linearly
correlated with the starting Fe(III) oxide concentration (Fig.
5). Unlike rates of Fe(III) reduction, rates of total anaerobic
carbon metabolism (SCO2 1 CH4 production) were not
strongly related to initial Fe(III) concentration in the upper
few cm of TW sediment (Fig. 6A); only in the case of the
third core sectioning-incubation experiment (Fig. 6A, trian-
gles) was there a significant correlation between initial
Fe(III) oxide abundance and carbon decomposition rate. The
fraction of total anaerobic carbon flow mediated by Fe(III)
reduction was, however, strongly related to initial Fe(III) ox-
ide abundance (Fig. 6B), increasing in a generally linear
fashion from 0.1–0.15 at Fe(III) concentrations ,25 mmol
cm23 to greater than 0.7 at Fe(III) concentrations .75 mmol
cm23.

Organic matter addition experiment—Addition of increas-
ing amounts of labile OM to slurries of Fe(III) oxide-rich
TW sediment caused increased rates of Fe(III) depletion

(Fig. 7A) and SCO2 1 CH4 production (Fig. 7B). As in the
slurry and surface sediment incubations, rates of SCO2 1
CH4 production were essentially linear during the period of
Fe(III) reduction (Fig. 7B, inset).

First-order Fe(III) reduction rate constants and initial rates
of SCO2 1 CH4 production increased linearly with increas-
ing labile OM concentration and then approached an asymp-
tote at the highest levels of OM addition (Fig. 8A). Rate
constants and initial rates of Fe(III) oxide reduction were
directly correlated with initial rates of SCO2 1 CH4 evolu-
tion (Fig. 8B). The abundance of culturable FeRB estimated
by MPN enumeration increased during anaerobic incubation
from an initial density of ca. 1.4 3 106 cells ml21 to densities
of 2.3 3 106 to 2.3 3 107 cells cm23 in slurries amended
with different amounts of OM (Table 1). FeRB abundance
was not correlated with OM addition or Fe(III) reduction rate
above 0.25% OM.

Discussion

Quantitative description of amorphous Fe(III) oxide re-
duction kinetics—A variety of studies have reported an ex-
ponential-like decrease in Fe(III) oxide concentration (or
mirror image increase in Fe(II)) during anaerobic sediment
incubation experiments (Lovley and Phillips 1986a; Jugsu-
jinda et al. 1987; Lovley and Phillips 1987; Achtnich et al.
1995; Roden and Wetzel 1996; Frenzel et al. 1999; van Bod-
egom and Scholten 2001). Although these findings were sug-
gestive of a first-order relationship between Fe(III) oxide
concentration and reduction rate, the data were generally not
interpreted in terms of a kinetic rate law, except in van Bod-
egom and Scholten (2001), in which a Monod kinetic ex-
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Fig. 5. Initial Fe(III) reduction rate versus initial Fe(III) con-
centration in sediments from different depth intervals in the upper
3 cm of TW sediment cores. Panels A, B, and C show results of
experiments with cores collected on three different dates. Initial
rates were computed from the first derivative of nonlinear regression
fits to Eq. 1, evaluated at t 5 0 (panel A), or from linear least-
square regression analysis of Fe(III) versus time data (panels B and
C). Error bars were computed from the standard error of the kred

and [Fe(III)0 2 Fe(III)nr] nonlinear regression parameters via error
propagation (Bevington and Robinson 1992) (panel A), or from the
standard error of the linear regression slope parameter (panels B
and C). The line in each panel is a linear least-squares regression
fit; the error term for the slope is the standard error of the regression
parameter.

Fig. 6. (A) Rates of anaerobic carbon metabolism (SCO2 1 CH4

production) and (B) fraction of total anaerobic carbon metabolism
accounted for by Fe(III) reduction versus initial Fe(III) concentra-
tion in sediments from different depth intervals in the upper 3 cm
of TW sediment cores. Different symbols show results of experi-
ments with cores collected on three different dates. Solid line in
panel B is a linear least-squares regression fit; dashed lines indicate
the 95% confidence interval of the regression line; the error term
for the slope is the standard error of the regression parameter.

pression was used to describe electron acceptor limitation of
various anaerobic respiratory processes, including Fe(III)
oxide reduction.

The Fe(III) reduction time course data in Figs. 1–3 were
pooled and fitted by nonlinear least-squares regression anal-
ysis (GraphPad Prismt software) to the following equation:

Fe(III) [Fe(III) 2 Fe(III) ] Fe(III)(t) 0 nr nr5 exp(2k t) 1 (1)redFe(III) Fe(III) Fe(III)0 0 0

where Fe(III)(t) is the Fe(III) oxide concentration at time t,
Fe(III)0 is the initial Fe(III) oxide concentration, Fe(III)nr is
the nonreactive Fe(III) oxide concentration, and kred is a first-
order rate constant. Both kred and the parameter group
Fe(III)nr/Fe(III)0 were all allowed to vary during the fitting
procedure. Best-fit regression parameters are listed in Table
2. Eq. 1 is an integrated form of the first-order rate expres-
sion
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Fig. 7. (A) Fe(III) reduction and (B) organic carbon minerali-
zation during anaerobic incubation of oxidized TW sediment slur-
ries amended with different amounts (in percentage dry weight) of
labile organic matter (OM). Each symbol shows the mean 6 range
of duplicate bottles. Solid lines in panel A show nonlinear least-
squares regression fits of the data to Eq. 1. Solid lines in panel B
show nonlinear least-squares regression fits of the data to an equa-
tion of the form C(t) 5 Cmax[1 2 exp(2at)], where C(t) represents
the amount of SCO2 1 CH4 produced at time t, Cmax represents the
maximum (asymptotic) amount of SCO2 1 CH4 produced during
the incubation period, and a represents a first-order rate constant.
Inset in panel B shows initial rates of SCO2 1 CH4 production;
lines in are linear least-squares regression fits.

Fig. 8. (A) First-order Fe(III) reduction rate constants and initial
SCO2 1 CH4 production rates for oxidized TW sediments slurries
amended with different amounts (in percentage dry weight) of labile
organic matter (OM). Fe(III) reduction rate constants were obtained
from nonlinear regression fits of the data in Fig. 7A to Eq. 1. Initial
SCO2 1 CH4 production rates were estimated from the first deriv-
ative of nonlinear regression fits of the data in Fig. 7B to the equa-
tion given in the Fig. 7 legend, evaluated at t 5 0. (B) Fe(III)
reduction rate constants and initial Fe(III) reduction rates versus
initial SCO2 1 CH4 production rates from panel A. Initial Fe(III)
reduction rates were estimated from the first derivative of nonlinear
regression fits in Fig. 7A, evaluated at t 5 0. Line shows the result
of a linear least-squares regression analysis.

Table 1. MPN estimates of FeRB abundance in sediments
amended with different amounts (in percentage dry weight) of labile
organic matter (OM). MPN enumerations were initiated in un-
amended sediments at the start of the experiments (time zero), and
at the end of the period of Fe(III) reduction (after 5–35 d) for each
of the OM amendments.

Treatment
MPN estimate
(cells cm23)

95% confidence
interval

Time zero
0% OM
0.125% OM
0.25% OM
0.5% OM
0.75% OM
1% OM

1.443106

2.303106

4.263106

2.313107

2.313107

2.313107

2.313107

3.093105–6.723106

4.933105–1.073107

9.123105–1.983107

4.953106–1.083108

4.953106–1.083108

4.953106–1.083108

4.953106–1.083108

dFe(III)(t)
5 2k [Fe(III) 2 Fe(III) ]red (t) nrdt

5 2k Fe(III) (2)red reac

which is analogous to the equation used by Westrich and
Berner (1984) for kinetic analysis of POC decomposition.
Note that the quantity (Fe(III) 2 Fe(III)nr) represents the re-
active Fe(III) oxide content, abbreviated as Fe(III)reac. The
nonreactive (i.e., nonmicrobially reducible) Fe(III) oxide in
TW sediments probably represents moderately crystalline
Fe(III) oxides that were subject to dissolution by 0.5 M HCl
but not readily susceptible to microbial reduction on the time
scale of our experiments. The presence of such nonreducible,
0.5 M HCl-extractable Fe(III) in TW surface sediments is
consistent with previous observations of the persistence of
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Table 2. Results of nonlinear least-squares regression analyses of pooled Fe(III) oxide reduction time course data according to Eqs. 1
and 14.

Experiment Figure Parameter Best-fit value* n r2

Slurries

Slurries

Surface sediment

Surface sediment

1A

1A

1B

1B

Fe(III)nr/Fe(III)0

kred

a
n
(1 1 1/n)
Fe(III)nr/Fe(III)0

kred

a
n
(1 1 1/n)

0.04860.026
0.22060.016
51.5621.9
13.265.4

1.08
0.30660.023
0.29660.029
65.7631.1
20.569.4

1.05

35

35

27

27

0.975

0.957

0.959

0.931

Mixed oxidized and reduced
sediment

2 Fe(III)nr/Fe(III)0

kred

0.21460.031
0.17860.021

36 0.907

Core sectioning and incubation 3 Fe(III)nr/Fe(III)0

kred

0.35860.039
0.39260.080

32 0.893

Slurry ascorbate reduction 9A a
n
(1 1 1/n)

0.31360.050
0.97760.094
2.02

20 0.991

Surface sediment ascorbate
reduction

9B a
n
(1 1 1/n)

1.4360.25
1.4160.17

1.71

41 0.987

* Error terms represent the standard error of the nonlinear regression parameter.

0.5 M HCl-extractable Fe(III) at depths below the zone of
active Fe(III) oxide reduction in TW sediments (Roden and
Wetzel 1996). Wallmann et al. (1993) also documented low
but significant concentrations of 1 M HCl-extractable Fe(III)
at depth in freshwater (riverine) sediments.

The close adherence of the Fe(III) oxide reduction time
course data to Eq. 1 provides explicit evidence that rates of
microbial amorphous Fe(III) oxide reduction in TW sedi-
ments are first order with respect to reactive Fe(III) oxide
concentration. It is important to note, however, that because
overall rates of organic carbon mineralization (SCO2 1 CH4

production) decreased somewhat after the first 5 d of incu-
bation (see Fig. 1), the curvilinear decline in Fe(III) oxide
concentration over time may be attributed at least partly to
a decline in OM decay rate as well as to the effect of Fe(III)
limitation. Although the decline in OM decay rate does not
invalidate the general conclusion of first-order kinetics for
Fe(III) reduction, it does affect the value of rate constants
derived from curve fitting of Fe(III) versus time data (see
Eq. 10 and further discussion below). Hence, the kred values
reported in Table 2 must be considered pseudo first-order
rate constants that include the effects of both OM and Fe(III)
limitation.

Further support for a first-order relationship between
Fe(III) oxide reduction rate and concentration comes from
experiments that demonstrated that initial rates of Fe(III) ox-
ide reduction were directly (linearly) correlated with starting
Fe(III) oxide concentrations in sediment slurries (Fig. 4) and
surface sediments (Fig. 5). In the experiments with mixtures
of oxidized and reduced sediments (Fig. 4), equal amounts
of reactive OM were present in all of the slurries so that the
observed correlation between Fe(III) oxide concentration
and reduction rate should not have been confounded by dif-
ferences in labile OM decay rate (which were not quantified
in these experiments). Similarly, rates of organic carbon

mineralization were relatively uniform in the upper few cm
of TW sediment (Fig. 6A). These findings indicate that the
direct correlation between initial Fe(III) reduction rate and
Fe(III) oxide concentration illustrated in Figs. 4 and 5 can
be robustly interpreted as a first-order response of Fe(III)
reduction rate to Fe(III) oxide abundance in TW sediments.

Two recent studies in marine systems have demonstrated
direct correlations between Fe(III) oxide reduction rate and
amorphous Fe(III) oxide abundance: Hines et al. (1997)
found that rates of Fe(III) reduction (monitored by dissolved
Fe(II) accumulation) during slurry incubations of sediments
from the northern Adriatic Sea were linearly correlated with
initial concentrations of hydroxylamine HCl-extractable
Fe(III); and Thamdrup (2000) reported that downcore Fe(III)
reduction rates in Danish coastal sediments (estimated by the
difference between SCO2 production and sulfate reduction
rates during anaerobic sediment incubations) closely paral-
leled the distribution of poorly crystalline Fe(III) oxide as
determined by anaerobic oxalate extraction. It is important
to note that some portion of the Fe(III) oxide reduction ac-
tivity observed in the Adriatic Sea sediment incubations may
have been linked to oxidation of sulfide produced during
bacterial sulfate reduction, which was shown to occur at sub-
stantial rates within the zone of Fe(III) reduction in the upper
10 cm of sediment. Nevertheless, these studies collectively
provide strong evidence for a first-order relationship between
amorphous Fe(III) oxide reduction rate and concentration in
aquatic sediments.

None of the Fe(III) reduction rate versus concentration
data obtained in this study provided obvious indication of
saturation of reduction rate with respect to Fe(III) concen-
tration at high Fe(III) abundance. Although rates of Fe(III)
reduction at the highest Fe(III) concentrations were often not
statistically different from one another, the general trend of
the rate versus concentration data (Figs. 4 and 5) was linear
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rather than hyperbolic. Assuming that total rates of organic
carbon mineralization were essentially equal across the range
of Fe(III) concentrations present within a given batch of sed-
iment (see above), a linear relationship between Fe(III) re-
duction rate and Fe(III) concentration implies that the frac-
tion of total anaerobic carbon metabolism mediated by
Fe(III) oxide reduction should also have been linearly related
to Fe(III) concentration. Data from the three core sectioning/
incubation experiments (Fig. 6B) support this assertion: de-
spite substantial scatter in the data, a general linear trend is
evident between the fraction of carbon flow through Fe(III)
reduction and the initial Fe(III) concentration, with Fe(III)
reduction accounting for ca. 90% of metabolism at Fe(III)
concentrations approaching 100 mmol cm23. Thamdrup
(2000) reported an analogous relationship for marine sedi-
ments, in which percent carbon flow through Fe(III) reduc-
tion increased linearly to ca. 90% as poorly crystalline
Fe(III) oxide concentrations increased from 0 to ca. 30 mmol
cm23. Rates of Fe(III) reduction and percent carbon flow
through Fe(III) reduction would be expected to approach a
maximum value at very high Fe(III) abundance, and in fact
the data in Fig. 6B and in fig. 5 of Thamdrup (2000) give
some indication of saturation of percent carbon flow through
Fe(III) reduction at the highest Fe(III) concentrations. How-
ever, within the scatter of the data it is not possible to state
definitively whether such saturation was operative. In gen-
eral, available data suggest that Fe(III) reduction rates and
percent carbon flow through Fe(III) reduction are linearly
related to reactive Fe(III) abundance at the Fe(III) concen-
trations typically observed in aquatic sediments.

Theoretical basis for first-order rate model—The ob-
served first-order kinetics of microbial Fe(III) oxide reduc-
tion can be rationalized in terms of established theories of
chemical (abiotic) mineral transformation. Chemical disso-
lution of metal oxide and silicate minerals is commonly de-
scribed by the following generalized rate law (Hering and
Stumm 1990; Stumm and Sulzberger 1992):

Rsurf(t) 5 2kCsurf(t) (3)

where Rsurf(t) is the surface area–normalized dissolution rate
(e.g., in mmol m22 d21) at time t, k is a rate constant (d21),
and Csurf(t) is the concentration of surface species (mmol
m22) involved in the dissolution reaction present at time t.
Here surface species refers to an oxide surface coordinated
with H1, OH2, or organic ligands that polarize, weaken, and
ultimately break the metal-oxygen bonds in the lattice of the
oxide surface (Stumm and Sulzberger 1992). This formula-
tion assumes that reactions at the Fe(III) oxide surface are
surface controlled, i.e., that reactions at the surface are slow
in comparison with other reaction steps, such as association
of the ligand with the mineral surface to produce a surface
species (Stumm and Morgan 1996). A well-known example
of abiotic mineral dissolution is the reductive dissolution of
crystalline hematite (a2Fe2O3) by ascorbic acid (Sulzberger
et al. 1989; Suter et al. 1991). The Rsurf for this reaction is
dependent on the concentration of ascorbate adsorbed to the
oxide surface, which in turn is related to the concentration
of ascorbic acid in solution according a Langmuir adsorption
isotherm (Hering and Stumm 1990).

A conceptual analogy can be drawn between abiotic
Fe(III) oxide reductive dissolution by surface-bound chem-
ical reductants and enzymatic Fe(III) oxide reduction by dis-
similatory FeRB, although the analogy is not a direct one
because microbial Fe(III) oxide reduction produces solid-
phase as well as dissolved Fe(II) species (for example, dis-
solved Fe(II) liberation accounted for only 5–10% of total
Fe(II) production in the experiments shown in Figs. 1–4; see
Roden and Wetzel 1996 and Roden and Edmonds 1997 for
discussion of the importance of solid-phase Fe(II) end-prod-
ucts of microbial Fe(III) oxide reduction). Unlike soluble
electron acceptors for microbial respiration, particulate
Fe(III) oxides are not taken up into the cell (Lovley 1987).
Rather, membrane-bound Fe(III) reductase systems transfer
electrons to the oxide surface by mechanisms whose details
are not yet fully understood (Lovley 2000). The immediate
consequence of this fact is that microbial Fe(III) oxide re-
duction is a surface-controlled reaction between FeRB cells
and particulate Fe(III) oxides. As such, surface area–specific
rates of Fe(III) oxide reduction must be controlled by the
abundance of active Fe(III) reductase systems in contact with
oxide surface sites, i.e., the abundance of active reductase
systems will determine the rate constant for surface area–
specific enzymatic Fe(III) oxide reduction. The magnitude
of this rate constant will be a complex function of the rate
at which electron donors for Fe(III) oxide reduction are lib-
erated through particulate OM hydrolysis and fermentation,
the abundance of FeRB cells, and the relative susceptibility
of oxide surface sites to reduction. The abundance of FeRB,
in turn, will be dynamically controlled by the rate of electron
donor supply, the abundance of reducible Fe(III) oxide sur-
face sites, and the growth and death rates of the FeRB cells.

It is relevant to note here that effective rate constants for
Fe(III) oxide reduction as well as rates of FeRB growth may
be affected significantly by the presence of Fe(III) chelators
and/or soluble electron shuttling compounds (e.g., humic
substances), both of which are known to accelerate enzy-
matic reduction of amorphous Fe(III) oxides (Lovley et al.
1996, 1998; Lovley and Woodward 1996). Recent studies
suggest that such compounds are likely to be ubiquitous in
natural sedimentary environments (Lovley 2000; Nevin and
Lovley in press). Detailed modeling of Fe(III) oxide reduc-
tion kinetics in the presence of such compounds would re-
quire information on the mechanism of their reaction with
Fe(III) oxide surfaces, as well as their concentration and
turnover rate—neither of which are available for TW or any
other aquatic sediment. However, because such reactions are
likely to be surface-controlled processes analogous to the
well-studied interactions of synthetic chelators and soluble
reductants with Fe(III) oxide minerals (Stumm 1992; Stumm
and Morgan 1996), as a first approximation the effect of
chelators and/or electron shuttling compounds can be as-
sumed to be incorporated into the effective rate constant for
Fe(III) oxide reduction, thereby permitting interpretation of
Fe(III) oxide reduction kinetics in terms of the simple kinetic
framework developed below. In support of this assertion,
recent studies in our laboratory showed that the presence of
electron shuttling humic compounds did not alter the basic
first-order nature of enzymatic Fe(III) oxide by an acetate-



206 Roden and Wetzel

oxidizing, Fe(III)-reducing enrichment culture obtained from
TW surface sediments (Roden and Wetzel, unpubl. data).

Given some specified rate constant for electron transfer to
particulate Fe(III) oxide surfaces, the relationship between
surface area–specific and bulk volumetric mineral transfor-
mation rate can be defined as follows:

R (t) 5 R (t)c (t)SA 5 2kC (t)c (t)SA(t) (4)bulk surf s surf s

where Rbulk(t) is the bulk volumetric reaction rate (mmol cm23

d21) at time t, cs(t) is the concentration of solids per unit
volume (g cm23) at time t, and SA(t) is the specific surface
area of the mineral (m2 g21) at time t. The bulk molar con-
centration of mineral is defined by

Cbulk(t) 5 cs(t)/MW (5)

where MW is the molecular weight of the mineral (g
mmol21). Substituting this expression into Eq. 4 yields the
following equation for volumetric mineral reaction rate:

R (t) 5 dC (t)/dt 5 2kC (t)SA(t)MWC (t) (6)bulk bulk surf bulk

The term kCsurf(t)SA(t)MW in Eq. 6 can be identified as an
effective rate constant, k9(t):

k9(t) 5 kCsurf(t)SA(t)MW (7)

If we assume that Csurf(t) and SA(t) remain constant over
time, i.e., that reactive surface sites are efficiently regener-
ated and that mineral morphology and surface site density
remain constant during reaction, Eq. 6 reduces to a simple
first-order rate expression:

Rbulk 5 dCbulk/dt 5 2k9Cbulk (8)

which is easily integrated to yield an exponential decay
equation:

Cbulk(t) 5 C exp(2k9t)0
bulk (9)

where C is the molar concentration of mineral present at0
bulk

t 5 0. Note that Eq. 8 is identical to the simple first-order
rate law for microbial Fe(III) oxide reduction depicted by
Eq. 2.

The significance of Eqs. 4–9 is that they show that bulk-
phase concentrations of an oxide mineral can decrease ex-
ponentially over time as a result of abiotic or enzymatic
reduction, while surface-controlled reactions at the mineral–
water interface are in steady state with respect to surface
area–specific reaction rate. This concept has direct relevance
to the microbial Fe(III) oxide reduction experiments con-
ducted in this study. Because rates of electron donor supply
through organic carbon mineralization, as indicated by SCO2

1 CH4 production, were essentially constant during Fe(III)
oxide reduction, effective rate constants for surface area–
specific enzymatic reduction were approximately constant
over time. Hence, a direct analogy can be drawn between
the exponential decline in bulk Fe(III) oxide concentration
observed in the microbial reduction experiments (Figs. 1–3
and 7A) and the evolution of bulk-phase mineral concentra-
tion predicted by Eq. 9.

The assumption of a time-invariant effective rate constant
for surface area–specific Fe(III) oxide reduction ignores the
potential influence that changes in FeRB population size—
and parallel changes in the abundance of active Fe(III) re-

ductase systems—could have on rates of bacterial mineral
transformation. Strictly speaking, the use of such simplifi-
cations is not appropriate in quantitative models of micro-
biologically catalyzed reactions in environmental systems
(Rittman and Van Briesen 1996). However, this simplifying
assumption is common (and often defensible) in geochemi-
cal models of sediment microbial processes (Boudreau 1992)
and is used here in order to facilitate mechanistic interpre-
tation of the overall kinetic response of microbial Fe(III)
oxide reduction in TW sediments. As discussed further be-
low, our knowledge of FeRB abundance is insufficient to
permit accurate assessment of the importance of population
size changes on apparent rate constants for microbial Fe(III)
oxide reduction.

Influence of labile OM abundance on Fe(III) reduction
kinetics—As emphasized in a recent review of bacterial
Fe(III) oxide reduction in aquatic sediments (Thamdrup
2000), the abundance and decomposition rate of labile OM
is expected to exert a major influence on the kinetics of
Fe(III) oxide reduction in sediments. In order to explicitly
evaluate the relationship between labile OM and Fe(III) ox-
ide reduction kinetics, different amounts of labile OM were
added to Fe(III) oxide-rich TW sediment slurries, and rates
of OM mineralization and Fe(III) consumption were moni-
tored. The results demonstrated direct correlations between
the Fe(III) reduction rate constant, as well as the initial
Fe(III) reduction rate, and the abundance (Fig. 8A) and min-
eralization rate (Fig. 8B) of labile OM. These findings are
analogous to the demonstration by Westrich and Berner
(1984) of a linear correlation between sulfate reduction rate
and reactive organic carbon concentration in marine sedi-
ments. Since the y-intercept for the regression line in Fig.
8B is very close to zero, the reduction rate constant (kred)
and initial rate of Fe(III) oxide reduction (Rinit) scale directly
with OM decomposition rate (R ) according to the simpleCH O2

relations

k 5 b R (10)red 1 CH O2

R 5 b R (11)init 2 CH O2

where b1 and b2 represent the slope of the line in Fig. 7B
with either kred or initial rate of Fe(III) reduction as the de-
pendent variable.

It is possible to interpret the results of the OM addition
experiment in relation to the surface area–controlled kinetic
framework for microbial Fe(III) oxide reduction discussed
above. The correlation between kred and organic carbon min-
eralization can be attributed to a progressive increase in the
rate constant for surface area–specific Fe(III) oxide reduction
(k in Eq. 3) with increasing rates of electron donor liberation.
These surface area–specific rate constants translate into in-
creased effective rate constants for bulk Fe(III) depletion ac-
cording to Eq. 7, which are equivalent to the kred parameters
obtained from curve fits of the Fe(III) time course data.

Based on the above findings, the following simple ex-
pression can be used to depict the combined influence of
OM decay rate and reactive Fe(III) oxide abundance on
Fe(III) oxide reduction rate:

RFe(III) 5 abR Fe(III)reacCH O2
(12)
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where a is the stoichiometric ratio between Fe(III) reduction
and organic carbon oxidation (shown by Roden and Wetzel
1996 to closely approximate the theoretical value of 4.0) and
the term bR is equivalent to the effective kred. This ex-CH O2

pression is functionally identical to the framework used in
recent diagenetic models of Fe(III) oxide reduction and other
biogeochemical processes in aquatic sediments (Boudreau
1996; Van Cappellen and Wang 1996). In this framework,
Fe(III) oxide reduction rates are assumed to first order with
respect to Fe(III) oxide abundance when the reactive Fe(III)
concentration is below some prescribed ‘‘limiting’’ Fe(III)
concentration (designated as Fe(III)lim), and independent of
Fe(III) oxide abundance when Fe(III)reac is higher than
Fe(III)lim:

R 5 aR Fe(III) /Fe(III)Fe(III) CH O reac lim2

with Fe(III) , Fe(III) (13a)reac lim

R 5 aR with Fe(III) $ Fe(III) (13b)Fe(III) CH O reac lim2

Equation 13 represents a linearized version of a hyperbolic
(Monod-style) rate expression used to simplify the compu-
tation of Fe(III) oxide reduction rates in non–steady-state
transport-reaction models. Comparison of Eqs. 12 and 13a
shows the equivalence of b and the inverse of Fe(III)lim. To
our knowledge, the close adherence of our experimental data
to Eq. 12 provides the first explicit empirical support for use
of Eq. 13a for modeling OM-dependent Fe(III) oxide reduc-
tion kinetics in aquatic sediments. In addition, the lack of
saturation of Fe(III) reduction rate with respect to Fe(III)
oxide concentration documented in this and other studies
(see above) suggests that use of Eq. 13b is in general not
required for modeling Fe(III) oxide reduction kinetics in
aquatic sediments, i.e., values of Fe(III)lim should be set high
enough so that saturation of Fe(III) reduction rate does not
occur within the range of reactive Fe(III) concentrations typ-
ically found in aquatic sediments.

Relationship between FeRB abundance and Fe(III) reduc-
tion kinetics—A MPN enumeration procedure employing
synthetic growth medium was used to evaluate the potential
importance of changes in FeRB population size to the re-
sponse of microbial Fe(III) oxide reduction to addition of
different amounts of labile OM. The results indicated that
although FeRB abundance increased in OM-amended sedi-
ments compared to unamended slurries (Table 2), there was
no correlation between FeRB abundance and OM addition
above 0.25% OM. In contrast, rate constants for Fe(III) ox-
ide reduction increased substantially in slurries amended
with 0.25% to 1% OM (Fig. 7A). It is well known that MPN
procedures employing synthetic growth media typically un-
derestimate the abundance of anaerobic respiratory micro-
organisms such as sulfate-reducing bacteria by one or more
orders of magnitude in both marine (Jorgensen 1978; Gibson
et al. 1987; Ramsing et al. 1996; Vester and Invorsen 1998)
and freshwater (Bak and Pfenning 1991) environments. The
possibility thus exists that our MPN estimates did not ac-
curately reflect the response of the sediment FeRB com-
munity to the addition of labile OM. Although the MPN
results leave little doubt that addition of OM stimulated

FeRB growth, the true magnitude of this stimulation relative
to the observed stimulation of Fe(III) oxide reduction cannot
be determined. As a result, it is not possible to accurately
assess the impact of changes in FeRB abundance on the
kinetics of Fe(III) oxide reduction in the OM addition ex-
periment. Refinement of MPN procedures for enumeration
of FeRB (e.g., through use of natural media; Vester and In-
vorsen 1998) and/or application of molecular genetic tech-
niques for non–culture-based estimation of FeRB abundance
(e.g., MPN-PCR (polymerase chain reaction); Anderson et
al. 1998; Rooney-Varga et al. 1999; Snoeyenbos-West et al.
2000) will be required in order to link variations in FeRB
biomass to the bulk kinetics of Fe(III) oxide reduction in
aquatic sediments.

Heterogeneity of Fe(III) oxide reactivity—Standard for-
mulations for chemical oxide mineral dissolution assume
that a single mineral of uniform specific surface area, reac-
tive site density, and mineralogical stability is undergoing
dissolution (Stumm 1992). In contrast, Fe(III) oxide assem-
blages in soils and sediments often possess a wide range of
reactivity, owing to differences in mineralogy, crystallinity,
grain size, and surface area (Postma 1993; Cornell and
Schwertmann 1996). An important unresolved question is
the extent to which heterogeneity in Fe(III) oxide reactivity
influences the kinetics of bacterial Fe(III) oxide reduction in
sediments (Postma 1993). In order to evaluate this question
in relation to Fe(III) oxide reduction in TW sediments, data
from sediment slurry and surface sediment incubation ex-
periments (Figs. 1 and 3) were pooled and analyzed accord-
ing to the reactive continuum model of Aris (1989) as de-
scribed by Boudreau and Ruddick (1991) and Postma
(1993). The concentration of Fe(III) designated as being for-
mally nonreactive on the time scale of the incubation ex-
periments was subtracted from measured Fe(III) values prior
to conducting the reactive continuum analysis. For both the
biotic and abiotic (ascorbate) Fe(III) reduction experiments,
the nonreactive Fe(III) concentration was set equal to lowest
Fe(III) concentration observed at the end of the incubation
experiments.

The heterogeneity analysis involved fitting reactive Fe(III)
versus time data to the following equation (Postma 1993):

m(t)/m0 5 [a/(a 1 t)]n (14)

where m(t) is the mass (concentration) of reactive Fe(III) at
time t, m0 is the initial mass (concentration) of reactive
Fe(III), and a and n are curve-fit parameters. Rearrangement
of this equation yields the following expression for the in-
stantaneous rate of Fe(III)reac reduction, J(t), normalized to
initial concentration of reactive Fe(III):

J(t)/m0 5 n/a[m(t)/m0]111/n (15)

The exponent (1 1 1/n) in this expression provides an in-
dication of the degree of heterogeneity in reactivity of the
oxides undergoing reduction, whereas the term n/a repre-
sents an apparent rate constant for a mixture (Postma 1993).
Values for (1 1 1/n) of ca. 1.0 are expected for reductive
dissolution of synthetic amorphous Fe(III) oxide (ferrihy-
drite) with uniform reactivity (Postma 1993). Higher values
for this parameter grouping indicate the presence of a di-
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Fig. 9. Abiotic reduction of amorphous Fe(III) oxides in (A)
TW sediment slurries and (B) mixed surface sediments by ascorbate
(10 mM, pH 3), analyzed according to the reactive continuum mod-
el. Symbols in panel A show the results of a single experiment;
symbols in panel B show results of two separate experiments. Solid
lines are nonlinear least-squares regression fits of pooled data to Eq.
14; best-fit parameter values are listed in Table 2.

versity of Fe(III) oxides with different intrinsic reactivities.
As demonstrated by Postma (1993), Eq. 15 is functionally
identical to the following general rate expression for disso-
lution of polydisperse crystals of a single mineral (Christof-
fersen and Christoffersen 1976):

J(t)/m0 5 k9[m(t)/m0]g (16)

where k9 is a rate constant and g is a parameter whose value
is determined by the geometry and reactivity of the mineral
crystals undergoing dissolution. As a result of the direct
analogy between Eqs. 15 and 16, it is possible to obtain
estimates of the terms (n/a) and (1 1 1/n) in Eq. 15 from
nonlinear curve fits of Fe(III) reduction time course data to
the integrated form of Eq. 16 (Larsen and Postma 2001):

m(t)/m0 5 [2k9(1 2 g)t 1 1]1/(12g) (17)

Best-fit values for k9 and g obtained from fitting Fe(III) ver-
sus time data to Eq. 17 are synonymous with the terms (n/
a) and (1 1 1/n) in Eq. 15. This strategy was preferable to
fitting Fe(III) versus time data directly to Eq. 14, since the
nonlinear curve-fitting procedure was generally more reli-
able (less prone to nonconvergence) when fitting such data
to Eq. 17 compared to Eq. 14. In order to further improve
the reliability of parameter estimates, an advanced nonlinear
least-squares parameter estimation procedure that includes a
model trust region (IMSL 1997) was employed. Testing
showed that alteration of initial guess values for k9 and g in
Eq. 17 by up to an order of magnitude did not alter the best-
fit parameter estimates produced by the nonlinear fitting al-
gorithm. Very large changes in initial guesses invariably pro-
duced negative values for either k9 or g, which have no
mechanistic meaning. In all cases where nonnegative values
were obtained for both k9 and g, the algorithm converged
the same best-fit values.

Analysis of the microbial Fe(III) oxide reduction data in
Fig. 1 (dashed lines) yielded values of 1.08 and 1.05 for the
(1 1 1/n) parameter group (Table 2). Analysis of data for
abiotic Fe(III) oxide reduction by ascorbate according to the
reactive continuum model (Fig. 9) yielded higher values for
the (1 1 1/n) parameter group than those obtained for the
microbial reduction experiments (Table 2). It is important to
note that the starting concentrations of Fe(III) oxide used to
interpret the ascorbate reduction data were based on the
same 0.5 M HCl extraction procedure used for the microbial
Fe(III) reduction experiments. Thus, for the purposes of this
analysis, the chemical and enzymatic reduction processes
were acting as an equivalent pool of reactive Fe(III) oxide.

The results of the ascorbate reduction experiments indi-
cated that amorphous Fe(III) oxides in TW sediments pos-
sess appreciable heterogeneity with respect to abiotic reduc-
tive dissolution. Although the values obtained for the (1 1
1/n) parameter grouping (ca. 2) are smaller than those ob-
served by Postma (1993) in similar experiments with oxi-
dized marine sediments and shallow aquifer sediments (4.7
and 2.75, respectively), they nevertheless indicate that the
rate of abiotic Fe(III)reac reduction normalized to the initial
Fe(III)reac concentration (Eq. 15) decreased by a factor of ca.
4 after only a twofold decrease in total Fe(III)reac, and by a
factor of ca. 100 after a tenfold decrease in Fe(III)reac. In
comparison, the normalized dissolution rate for Fe(III) oxide

phases with uniform reactivity would be expected to decline
in direct proportion to the concentration of Fe(III)reac re-
maining.

In contrast to the results of the abiotic Fe(III) oxide re-
duction experiments, reactive continuum analysis of the mi-
crobial Fe(III) reduction data suggested that amorphous
Fe(III) oxides in TW sediments were of relatively uniform
reactivity with respect to enzymatic reduction (values for the
1 1 1/n parameter equal to ca. 1). The detailed time course
data for microbial Fe(III) oxide reduction (Figs. 1–3), ro-
bustly described by a simple exponential decay equation,
support this assertion, since by definition the slope of such
an equation is linearly related to the value of the function at
all points along the curve. The reason(s) for the apparent
difference in heterogeneity of natural amorphous Fe(III) ox-
ide reactivity with respect to chemical versus biological re-
duction is unclear. One possibility is that a larger fraction of
the 0.5 M HCl-extractable Fe(III) content of TW sediments
was susceptible to chemical reduction compared to microbial
reduction, so that a more diverse spectrum of Fe(III) oxides
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was included in the reactive continuum analysis of the abi-
otic reduction data. This argument is supported by the sur-
face sediment reduction experiments in which a substantially
greater fraction of the 0.5 M HCl-extractable Fe(III) content
was reduced by ascorbate (ca. 90%) compared to microbial
activity (ca. 75%). However, this was not the case for the
oxidized slurry experiments, in which both ascorbate and
microbial activity reduced ca. 90% of 0.5 M HCl-extractable
Fe(III). Another possible explanation for the apparent dif-
ference in Fe(III) oxide heterogeneity with respect to biotic
versus abiotic reduction is simply that enzymatic electron
transfer responds less intensively than abiotic electron trans-
fer to variations in Fe(III) oxide reactivity. Further consid-
eration of this phenomenon is beyond the scope of the pres-
ent work. The important point is that the uniformity of
microbially reducible Fe(III) oxide phases with respect to
enzymatic reduction suggests that the density of reaction
sites per unit oxide surface area and their relative suscepti-
bility to enzymatic reduction did not change appreciably dur-
ing the reduction process. Hence, measured bulk Fe(III) con-
centrations should directly reflect the abundance of oxide
surface sites that were available for microbial reduction, and
correlations between Fe(III) reduction rate and bulk Fe(III)
concentration (Figs. 4 and 5) reflect the dependence of re-
duction rate on bulk reactive Fe(III) oxide surface site abun-
dance. These arguments fulfill fundamental criteria required
for interpreting microbial Fe(III) oxide reduction as a sur-
face-controlled process analogous to mineral transformation
according to the framework depicted by Eqs. 4–9.

Relevance to reduction of crystalline Fe(III) oxides—
Studies of microbial reduction of synthetic crystalline Fe(III)
oxide have demonstrated a first-order relationship between
initial rates of Fe(III) reduction and Fe(III) oxide concentra-
tion (Arnold et al. 1988; Roden and Zachara 1996; Roden
and Urrutia 1999), as well as a direct correlation between
the initial rate of reduction and the specific surface area of
different crystalline Fe(III) oxide minerals (Roden and Za-
chara 1996). In terms of initial rates of activity, these results
are in complete agreement with the data and theoretical in-
terpretations for microbial reduction of natural amorphous
Fe(III) oxides in TW sediments presented here. However, in
contrast to natural amorphous Fe(III) oxides, the long-term
of extent of crystalline Fe(III) oxide reduction in batch cul-
ture experiments rarely exceeds 20% of the total Fe(III) con-
tent of the mineral(s) and is often limited to only a few
percent (Lovley 1987; Roden and Zachara 1996; Zachara et
al. 1998). Recent experimental studies suggest that the long-
term extent of crystalline Fe(III) oxide reduction is con-
trolled by the association of Fe(II) with oxide and FeRB cell
surfaces, which inhibits enzymatic electron transfer to Fe(III)
oxide surface sites (Urrutia et al. 1998; Roden and Urrutia
1999; Urrutia et al. 1999; Roden et al. 2000). These findings
indicate that quantitative depiction of the kinetics of crys-
talline Fe(III) oxide reduction in sedimentary environments
must account in some manner for the influence of Fe(II)
surface complexation on the long-term degree of oxide re-
duction (Roden and Urrutia 1999). Conversely, studies to
date suggest that amorphous Fe(III) oxides are subject to
near-complete reduction in aquatic sediments, and as yet

there is no compelling suggestion that the influence of Fe(II)
surface complexation needs to be accounted for in kinetic
modeling of amorphous Fe(III) oxide reduction in these en-
vironments. Although the availability of surface sites on
amorphous Fe(III) oxide particles undoubtedly controls the
bulk rate of oxide reduction, the issue of whether amorphous
Fe(III) oxide surface sites are occupied by adsorbed (or sur-
face-precipitated) Fe(II) does not appear to be a crucial con-
sideration with regard to bulk reduction kinetics. Hence, sim-
ulation of Fe(III) oxide reduction in sediments where
amorphous Fe(III) oxide is the dominant form of Fe(III)
available for microbial reduction can be appropriately con-
ducted with the simple OM decay-dependent first-order rate
model discussed in this paper.
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