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Abstract

The availability of participate Fe(l11) to iron reducing microbia communities in sediments and soils is generdly inferred indirectly by 1
performing chemica extractions. In this study, the bioavailability of minera-bound Fe(l11) in intertidal sediments of a eutrophic estuary;
is assessed directly by measuring the kinetics and extent of Fe(l11) utilization by the iron reducing microorganism Shewanella putrefac-
iens, in the presence of excess eectron donor. Microbia Fe(l11) reduction is compared to chemica dissolution of iron from the same
sediments in buffered ascorbate-citrate solution (pH 7.5), ascorbic acid (pH 2), and 1 M HCL. The results confirm that ascorbate at
near-neutral pH sdectively reduces the reactive Fe(l11) pool, while the acid extractants mobilize additiona Fe(ll) and less reactive Fe(l11)
mineral phases. Furthermore, the maximum concentrations of Fe(l11) reducible by S putrefaciens correlate linearly with the iron con-
centrations extracted by buffered ascorbate-citrate solution, but not with those of the acid extractions. However, on average, only 65% of <j
the Fe(l11) reduced in buffered ascorbate-citrate solution can be utilized by S. putrefaciens, probably due to physical inaccessihility of the ;
remaining fraction of reactive Fe(lll) to the cdls. While the microbia and abictic reaction kinetics further indicate that reduction by
ascorbate at near-neutral pH most dasdy resembles microbia reduction of the sediment Fe(l111) pool by S putrefaciens, the results dso j

highlight fundamenta differences between chemica reductive dissolution and microbia utilization of mineral-bound ferric iron.

© 2006 Elsavier Inc. All rights reserved.

1. Introduction

Changes in the redox state of iron have a mgjor impact
on the biogeochemicd cycling of carbon, sulfur, nitrogen,
phosphorus and (trace) metals (Haese et al., 1998). Under
suboxic conditions, ferriciron is a potential €ectron accep-
tor for organic matter degradation (Froelich et a., 1979;
Lovley and Phillips, 1988), and studies in freshwater (Jones
etal., 1983 Joneset a., 1984; Lovley and Phillips, 1986a,b;
Roden and Wetzd, 1996) and marine (Canfidd, 1993;
Thamdrup et a., 1994; Thamdrup, 2000; Jensen et 4.,
2003) habitats indicate that dissimilatory Fe(l1l) reduction
can contribute substantially to the oxidation of organic
compounds. In situ dissimilaory iron reduction is influ-
enced by avariety of factors, including the microbial com-
munity structure and biomass (Dollhopf et al., 2000), the
qudity and quantity of the organic matter (Chen et d.,
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2003), and the type and abundance of Fe(lll) minerals,
(Bonneville et al., 2004).

Due to its low solubility, Fe(l11) tends to accumulate in
particulate form, mostly as ferric (hydr)oxides (Murray,!
1979), Fe(lll) bound in adumino-silicates (Raisvell and,|
Canfidd, 1998), and ferric phosphate phases (Buffle et d.,
1989; Hyacinthe and Van Cappdllen, 2004). The speciation
and reactivity of particulate iron in soils and sediments are
generdly inferred using chemica extractions (Chao and |
Zhou, 1983; Canfidd, 1988, Somp et al., 1997). Although,;
these methods are based on an indirect identification of the
mineras involved, they are smple to implement and are
able to detect smdl amounts of poorly crystdline phases, \
which may be difficult to quantify using spectroscopic tech-
niques. Furthermore, some of the limitations of single-step jj
extractions can be overcome by performing kinetic extrac-
tions, in which the release of iron and other ements by a |
given extractant is followed as a function of time. Kinetic
extractions provide a more complete characterization ofi
the composition and chemicd reactivity of iron pools in
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natural samples (Postma, 1993; Larsen and Postma, 2001;

Ferro, 2003; Hyacinthe and Van Cappellen, 2004).
Particulate Fe(Ill) in soils and sediments exhibits highly

variable mineralogy, crystallinity, grain size and impurity

- content. This heterogeneity affects its chemical reactivity
and, most likely, its availability to iron reducing microor-
ganisms. Rates of chemical dissolution, however, cannot
be directly related to in situ rates of dissimilatory Fe(III)
reduction, because factors in addition to mineral reactivity
affect the activity of the iron reducers (Roden, 2004).

_ Hence, till now, studies have either focused on the chemical
reactivity of particulate Fe(IIl), or on the ecological and

- environmental controls of dissimilatory iron reduction,
with only a few studies linking the results of chemical
extractions directly to Fe(IIl) bioavailability (Lovley and

. Phillips, 1986a; Hacherl et al., 2001; Roden and Wetzel,

¢ 2002; Roden, 2004).

In this paper, we compare chemical and microbial iron

. extractions of freshwater and brackish sediments collected

* along the eutrophic Scheldt estuary (Belgium and the Neth-
erlands). Previous studies have shown that the sediments
are enriched in authigenic Fe(1II) phases (Hyacinthe and

* Van Cappellen, 2004), and contain diverse populations of
iron reducing microorganisms (Lin, 2006).

- To assess the chemical reactivity of the sedimentary iron
pools, we performed kinetic leaching experiments with
three extractants commonly used in the field of iron geo-

i chemistry: ascorbate-citrate solution buffered at pH 7.5,

Efascorbic acid, and 1 M HCI (Chao and Zhou, 1983; Can-

- field, 1988; Svendsen et al., 1993; Kostka and Luther,

Ei1994; Raiswell et al., 1994; Haese et al., 1998; Poulton

¥ and Raiswell, 2005). The selected extractants dissolve iron

i associated with relatively reactive mineral phases, but the

| dissolution mechanisms differ markedly, from purely

Ereductive dissolution to proton-promoted, non-reductive

kdissolution (Dos Santos Afonso et al., 1990; Hering and

L Stumm, 1990; Stumm and Sulzberger, 1992). Furthermore,

Fthe acid extractions may mobilize ferric as well as ferrous

4iron phases (Cornwell and Morse, 1987; Haese et al., 1998).

¥ - For the microbial extractions, we used Shewanella putre-

faciens, a facultative anaerobic Gram negative bacterium,

: which can substitute Fe** for O, as terminal electron

Eacceptor in respiration (DiChristina and Delong, 1994).

t The organism is known to reduce Fe(IlI) (hydr)oxide min-

Lerals, including hydrous ferric oxide (HFO), goethite,

thematite and magnetite (Nealson and Saffarini, 1994; Ro-

bden and Wetzel, 1996; Fredrickson et al., 1998; Zachara
et al., 1998), Fe(III) present in natural sediments (Fredrick-
on et al., 1998; this study), and structural Fe(III) bound in
clay minerals (Kostka et al., 1999). Therefore, it was used
las a model microorganism to probe the microbial reactivity

: nd potential availability of sedimentary Fe(IlI). In addi-

tion to quantifying differences in microbial reduction kinet-

ics, an important goal was to determine the bioavailability
bf Fe(I1I) in the sediments, under conditions where neither

e biomass of iron reducers nor the electron donor were

fimiting.

2. Materials and methods
2.1. Sediments

Sediment cores were collected in the unvegetated parts
of two intertidal marshes along the Scheldt estuary, a
well-studied macrotidal estuary in NW Europe (Baeyens
et al., 1998; Wollast, 1988). The sites, Appels and Waarde,
are respectively, 127 and 40 km upstream from Vlissingen,
where the estuary flows into the North Sea. The freshwater
marsh at Appels is located in the outside bend of a meander
of the tidally-influenced Scheldt river, while the Waarde
marsh is in the brackish part of the lower estuary. A com-
plete description of the sites, a map with their locations,
and the sampling techniques can be found in Hyacinthe .
and Van Cappellen (2004).

At both sites, three cores were taken in close proximity
to each other and sliced under anaerobic conditions. The
following six depth intervals were used in this study:
0-lcm (A0-1), 13-15cm (Al3-15) and 39-4lcm
(A39-41) for Appels, and 0-lcm (WO0-1), 13-15cm
(W13-15) and 33-35 cm (W33-35) for Waarde. The corre-
sponding sediment slices in each of the three cores were
combined, homogenized and kept at 5 °C under anaerobic
conditions during transport to the laboratory (approxi-
mately 2 h). Sediment dedicated to the different chemical
extractions was stored without any further treatment at
~30 °C, while sediment for the microbial incubations was
freeze-dried. Sampling, freeze-drying and storage were per-
formed under inert atmosphere (Ar), in order to prevent
oxidation artifacts.

Note that the sediments used in the microbial experi-
ments were freeze-dried, rather than autoclaved. Freeze-
drying is the preferred method to preserve the solid-state
speciation and oxidation state of iron (Bordas and Bourg,
1998), as autoclaving is known to modify hydrous and
amorphous iron minerals (Schwertmann and Cornell,
1991). Because freeze-drying does not necessarily kill the
microorganisms present in the sediments, control experi-
ments were performed to determine whether any surviving
autochtonous organisms contributed to the observed iron
reduction in the microbial extractions (Section 2.3).

2.2. Chemical extractions

Kinetic extraction experiments of the sediments were
carried out in a 500 mL cylindrical reactor, at 25 £ 0.3 °C
and in the dark. For each experiment, 350 mL of anoxic
extraction solution (Table 1) was prepared. At time zero,
1S mL of freshly thawed sediment was added with a syr-
inge. The suspension was stirred by a suspended stir bar
and continuously purged with argon, for the 24 h duration
of the experiments. During the 24 h of experiment, pH was
continuously monitored and only minor pH changes were
observed in all three extractions. Filtered samples (0.2 um
pore size) were periodically collected with a syringe con-
nected to a three-way valve situated at the bottom of the



Table 1
Chemical extractions
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Extraction Extractant preparation

References

Buffered ascorbate
o : One hour bubbling with N,

20 g/L of L(+)ascorbic acid

pH 7.5

20 g/L of L(+)ascorbic acid

pH 2

HCI supra pur

Ascorbic acid

1M HCI

Sodium citrate (50 g/L) + sodium bicarbonate (50 g/L)

Ferdelman, 1988; Kostka and Luther, 1994; Ferro, 2
Hyacinthe and Van Cappellen, 2004 :

Postma, 1993; van der Zee and van Raaphorst, 2004;

Chao and Zhou, 1983; Canfield, 1988; Slomp et al., 1 G ,>

reactor. The aliquots were immediately acidified upon
retrieval to prevent oxidation and later analyzed for iron
and other major elements by ICP/OES. A complete
description of the reactor and experimental protocol can
be found in Hyacinthe and Van Cappellen (2004).

- 'Additional kinetic extraction experiments with single
Fe(III) mineral phases were carried out in buffered ascor-
bate-citrate solution. Ferric phosphate was synthesized
by neutralizing a solution composed of FeCl; - 6H,O
(0.2 M) and K,HPO, (0.2 M) with NaOH. To remove the
K* and CI~ ions, the suspension was dialyzed with demin-
eralized water adjusted to neutral pH. The solid consisted
of amorphous nanoparticles with a molar P/Fe ratio of
0.77. Lepidocrocite and coarse-grained hematite were pur-
chased from Scholz (for more details on these oxides, see,
Bonneville et al., 2004). The release of Fe’' to solution
was monitored as a function of time in 0.25 g L~! suspen-
sions of lepidocrocite and hematite, and a 0.15 g L™! sus-
pension of ferric phosphate. All other experimental
conditions were identical to the kinetic extractions with
the natural sediments. However, because of relatively slow
dissolution, the experiments with lepidocrocite and hema-
tite lasted for one month.

~- The time-dependent release of iron to solution was fitted
to the reactive continuum mode! (Boudreau and Ruddick,
1991; Postma, 1993; Koning et al., 1997; Larsen and Post-
ma, 2001; Ferro, 2003; Hyacinthe and Van Cappellen,
2004; van der Zee and van Raaphorst, 2004):

T _ v M@\ 1)
M(0)  a \M(0)
"where J, v/a and 1+ 1/v are the dissolution rate

(umol g~' s7!), apparent rate constant (s”!), and apparent
reaction order, respectively. M(0) stands for the initial
mass of extractable iron present in the sediment sample,
and M(?) is the corresponding mass remaining at time ¢.
Rate Eq. (1) assumes that the initial mineral assemblage
exhibits a continuous reactivity distribution described by
a gamma function (Boudreau and Ruddick, 1991). The
resulting time evolution of M(¢) is then given by:

M) = M(O) (ﬁ) (2)

Under the far-from-equilibrium conditions of the experi-
ments, the apparent rate constant, v/a, equals the initial,

mass-normalized, dissolution rate and, hence, allows onéj
to directly rank the relative kinetic efficiencies of the threg
extraction solutions. The exponent in the rate equation$
1+ 1/v, is a measure of the heterogeneity of the minerafl
assemblage undergoing dissolution. For a homogeneousy
reactivity the apparent reaction order approaches one,}
while values exceeding one are indicative of a distributiong
of reactivities. 4
Optimized values of the parameters v, @ and M(0) werel
determined by fitting the time-dependent dissolution dataf
to Eq. (2), using the Matlab statistics toolbox. Note that:,,
experimentally, M(r) was obtained by subtracting from!
M(0) the amount of iron that had accumulated in solutiony
at a given time. In addition to the optimized parameter val-’i
ues, lower and upper limits were obtained for the 95% con-}
fidence intervals. it
f

2.3. Microbial extractions ‘
: L
Cultures of Shewanella putrefaciens 200R (DiChristina#
and DeLong, 1994; DiChristina et al., 2002) were main-3
tained frozen within glycerol in the presence of rifamycin
For the experiments, frozen cells were revitalized on agar?
plates in Luria-Bertani (LB) medium (Bertani, 1951). Sin-:
gle colonies from plates were inoculated into 50 mL LB:
medium and harvested in middle exponential phase (Opti-:
cal Density at 660 nm, OD = 0.4). (Note: optical densities
were calibrated by direct cell counts using epifluorescence
microscopy, following Hobbie et al., 1977). Aliquots of*
harvested cells were distributed over 4 bottles of 150 mL-
LB medium, and the cells were allowed to grow again fors
12 h under aerobic conditions to middle exponential phase.’
The cells were then washed three times with sterile salts
solution (10 mM Hepes buffer, 28 mM NH,C], 1 mM Ca-!
Cl,2H,0, pH 7) and concentrated by centrifugation for:
use in the incubations. In all experiments the initial pH-
of the reaction medium was adjusted to 7 using sterile-
NaOH or HCI solutions, prior to introducing the cells. .
A first series of experiments was conducted to assess the -
possible effects of autochtonous microorganisms and-lac-
tate addition on ferrous iron production. For four of the:
six depth intervals (AO-1, A39-41, W0-1 and W33-35),
2 g of freeze-dried sediment was mixed with 100 mL of ster- -
ile salt medium, amended or not with lactate and S. putre-
faciens. The following four combinations were tested: (1)
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Fig. 1. Dissolution of iron from the sediments of Appels and Waarde as a function of time, for the three chemical extractions (buffered ascorbate = filled
circles, ascorbic acid = open circles, HCI = triangles). The lines represent the best fits of the reactive continuum model to the data. See text for complete

discussion.

salt medium alone, (2) salt medium plus 10 mM lactate,
(3) salt medium plus S. putrefaciens (5.9 + 0.8 x 10'!
cells L"), and (4) salt medium plus 10 mM lactate and S.
putrefaciens (5.9 £ 0.8 x 10! cells L7,

In the second series of experiments, kinetic parameters
describing the reduction of sedimentary Fe(1II) by S. putre-
Jaciens in the presence of excess electron donor were deter-
mined. For each of the six depth intervals, 0.5 to 50 g of
freeze-dried sediment was suspended together with a fixed
cell density of S. putrefaciens (2.1 £ 0.2 x 10'! cells L™}
in 100 mL of sterile salt solution amended with lactate
(10 mM). The incubations were carried out at 25+ 1.°C
in airtight bottles with argon filled headspaces. They lasted
for 600 h.

In the third series of experiments, freeze-dried sediment
from each of the six depth intervals was first extracted with
ascorbate-citrate solution at pH 7.5 for 24 h. After centri-
fugation and removal of the supernatant, the sediment
was resuspended in lactate amended (10 M) sterile salt

medium in the presence of S. putrefaciens (1.9 0.3 x
10’ cells L™Y). The incubations were carried out in exactly
the same manner as those in the previous series of
experiments.

The suspensions in the reaction bottles were periodically
sampled, and iron reduction was quantified by monitoring
the build-up of dissolved plus adsorbed ferrous iron. Dis-
solved ferrous and ferric iron concentrations were mea-
sured, after sample filtration (0.2 pm pore size) and
acidification, following the method of Viollier et al
(2000). Adsorbed Fe?" was measured using a modified fer-
rozine extraction method (Stookey, 1970; Sorensen, 1982;
van der Zee, 2002). The ferrozine extraction solution
consisted of 10 mL monosodium salt hydrate of (3-(2-pyr-
idyl)-5,6-bis-(4-phenylsulfonic  acid)-1,2,4 triazine)p-p'-
disulfonic acid (5gL~'), ammonia acetate (4gL7!),
10 mL of ammonium acetate (5 M) solution adjusted to
pH 9.5 with ammonium hydroxide (28-30% NH,OH),
and diluted to a final volume of 100 mL with ultrapure



4170 C. Hyacinthe et al. 70 (2006) 41664180

water. Aliquots of 0.5 mL of suspension were extracted
with 5 mL of the ferrozine solution for 20 min. After centri-
fugation, the Fe*™ concentration in the supernatant was
measured spectrophotometrically at 562 nm wavelength.

3. Results
3.1. Chemical extractions

Iron dissolution curves in the three different extraction
solutions are plotted in Fig. 1 for the sediments from Ap-
pels and Waarde. Also shown on the figure are the best fits
of the reactive continuum model to the data. Although
Fig. 1 only presents Fe’* produced during the first 10 h
of the extractions, Eq. (2) was fitted to the data collected
over the entire duration of the experiments (24 h). The cor-
responding fitted model parameters are given in Table 2,

Iron release from the sediments resulted in a rapid build-
up of dissolved Fe?* within the first half hour, followed by
a decelerating production of Fe*™ (Fig. 1). For any given
sample, the initial Fe’* release was fastest in 1 M HCI
and slowest in buffered ascorbate solution. The final con-
centrations of iron, phosphorus and calcium dissolved
from the sediments after 24 h are listed in Table 3.

The reactive continuum model provided near-perfect fits
to the iron dissolution curves in buffered ascorbate—citrate
solution, with correlation coefficients (r*) on the order of
0.99. Not only were the correlation coefficients lower for
the two other extractions (2 < 0.95), but the model fits sys-
tematically deviated from the observed dissolution curves:
initial iron dissolution during the first 30 min was generally
underpredicted, while subsequent iron release was overpre-
dicted over the next few hours (Fig. 1). The deviations were
more pronounced for the HCIl than the ascorbic acid
extractions. Nonetheless, in agreement with the visual

Table 2

inspection of the initial parts of the dissolution curveg
the fitted apparent rate constants, v/a, increased in the org
der: buffered ascorbate (pH 7.5) <acid ascorbic (pH p
< HCI (1 M).

The lowest apparent reaction orders, 1 + 1/v, were .'
tained for the two deeper sediment samples of Appe
extracted in ascorbate-citrate solution at pH 7.5 (Tabl§
2). In a previous study, this extractant systematically yield3
ed values of 1 + 1/v approaching one for Appels sediments
suggesting that a relatively homogeneous iron pool wag
extracted (Hyacinthe and Van Cappellen, 2004). As alsgg
observed in this earlier study, buffered ascorbate extracy
tions of Waarde sediments yielded reaction orders signifi
cantly higher than one. The main difference with ourj
previous results was the relatively high value of 1+ 1/d]
(2.5) for the buffered ascorbate extraction of the topmost
sediment at Appels. For the 1 M HCI and pH 2 ascorbic}
acid extractions, apparent reaction orders varied between
1.4 and 6.0, with no discernible trends. 1

The concentrations of total extractable iron, M(0), ob-;
tained by fitting Eq. (2) to the dissolution curves agreedj
well with the dissolved iron concentrations measured at]
the end of the extractions (Tables 2 and 3). As can be seenj
from the tables, M(0) values increased in the order: buf-}
fered ascorbate < acid ascorbic < HCI. The exception was!
the uppermost sample of Appels, where the three extrac-:
tions released similar iron concentrations (=110 pmol Fe;
g~! dry sediment). This sample also exhibited the highest:
concentration of buffered ascorbate extractable iron of all:
the sediment samples studied.

Buffered ascorbate—citrate extractions released more:
iron from the Appels than the Waarde sediments. The
1 M HCI extractions, however, yielded comparable M(0):
values at both sites. The three extractions showed contrast-
ing depth dependencies. For example, at Appels, iron,

Reactive continuum model parameters for the chemical extractions of the estuarine sediments

(v/a) 1074 71 (1+ 1/v) M(0) (umol/g dry sed),
AO0-1 asc7 16.8 (19.3-15.6) 2.5 (3.0-2.2) 109 (112-105) )
Al3-15 asc7 7.7 (14.7-7.4) 1.3 (3.3-1.1) 56.0 (57.3~54.8) N
A39-41 asc? 7.6 (8.7-1.3) 1.3 (1.6-1.2) 47.4 (48.0-46.8) -
WO0-1 asc7 4.6 (4.8-4.4) 1.8 (2.0-1.6) 38.1 (38.8-37.4)
W13-15 asc? 13.8 (16.1-12.9) 4.3 (6.2-3.5) 23.5 (26.3-20.7)
W33-35 asc7 8.9 (9.3-8.7) 4.9 (7.0-3.9) 17.2 (19.5-14.9)
A0-1 asc2 19.6 (27.9-17.3) 2.5(3.3-2.1) 113 (118-107)
Al3-15 asc2 14.4 (17.3-13.5) 1.5 (1.9-1.4) 72.5 (73.7-71.3)
A39-41 asc2 16.8 (20.2-15.3) 2.3 (2.8-2.0) 104 (107-101)
WO0-1 asc2 9.5(9.5-9.4) 6.0 (10.0-4.5) 117 (141-92)
W13-15 asc2 21.4 (44.3-18.7) 2.8 (4.9-2.1) 40.7 (44.4-37.1)
W33-35 asc2 — _— — .
A0-1 HCI 124 (1505-93) 4.1 (6.7-3.1) 129 (141-117)
Al3-15 HQ 211 (695-156) 4.1(5.7-3.3) 143 (152-134)
A39-41 HCI 44.6 3.1 139
Wo-1 HCI 16.9 14 122
W13-15 HCI 29.4 (49.4-25.3) 2.34 (3.4-1.9) 132 (138-127)
W33-35 HCI 29.7 (73.3-25.8) 2.28 (4.1-1.8) 75.4 (80.8-70.0)

The parameter values are obtained by fitting the model to the time-dependent concentrations of ferrous iron in the extractions (Fig. 1). Upper and lower

limits of the 95% confidence intervals are given in brackets.
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Table 3
Total iron, phosphorus and calcium concentrations dissolved from the estuarine sediments in the chemical extractions after 24 h

Iron (umol/g dry sed) Phosphorus (umol/g dry sed) Calcium (umol/g dry sed)

average + standard deviation average =+ standard deviation average + standard deviation
AO-1 asc7 105.1 £ 1.0 74.4 1+ 1.1 182.6 £ 6.8
A0-1 asc2 98.7+0.6 442412 4099 +9.3
A0-1 HCI 122.0 +3.1 484 + 1.1 3854+ 114
A13-15 asc7 54.4 +3.0 432+24 91.6 +4.7
Al13-15 asc2 734114 40.1+£2.0 467.5+13.7
Al3-15 HCl1 1356+0.8 57716 613.0+ 18.5
A39-4] asc7 472+ 1.1 388+ 1.0 86.3+24
A39-41 asc2 103.0+ 14 484 £1.2 5532+ 122
A39-41 HCI 1352+4.9 51.4+12 775.2 + 58.9
WO-1 asc7 37.24+09 109+04 188.6 + 8.0
WO0-1 asc2 795+24 15.1 04 1580.1 38
W0-1 HC1 1243 +£0.3 23.8 0.1 >2000*
W13-15 asc7 19.1 £ 0.5 7.7+03 1540 £ 4.4
W13-15 asc2 40.0 + 0.5 95405 1670.0 & 62
W13-15 HCl1 1348 £ 1.7 19.3+0.5 >2000*
W33-35 asc7 12.6 +0.5 6.6 £0.2 2114 +6.8
W33-35 asc2 402 +3.2 7.5+0.5 1437.0 £26
W33-35 HCI 79.0+1.2 16.3 +0.03 >2000*

 Dissolved Ca concentrations already reached > 2.0 mmol/g dry sediment after 5 minutes and exceeded the maximum measurement standard after

24 h.

extractable by buffered ascorbate dropped by about 50%
between the topmost sample and the two deeper samples,
while the concentrations of HCI extractable iron remained
approximately the same.

In buffered ascorbate—citrate solution, the time-depen-
dent release of phosphorus and iron from the Appels sed-
iments was characterized by a constant molar P/Fe ratio
of 0.80 & 0.05 during the 24 h of extraction (results not
shown). Sediments from Waarde, however, did not exhib-
it such a stoichiometric release of P and Fe in buffered
ascorbate—citrate solution: while initially P and F dis-
solved in a ratio close to 0.80, the release of P slowed
down faster than that of Fe. For both Appels and
Waarde sediments, the acid extractions (ascorbic acid
and HCI), were characterized by an initial simultaneous
release of both P and Fe, followed by continued dissolu-
tion of Fe, but little additional release of P (results not
shown), resulting in lower P/Fe ratios at the end of the
experiments compared to the buffered ascorbate extrac-
tions (Table 3).

The release of calcium increased in the order buffered
ascorbate < ascorbic acid < HCI (Table 3). The effect was
more pronounced at Waarde than at Appels. In all three
extractant solutions, rapid initial releases of silicium and
aluminium were followed by slower dissolution (results
not shown). Significantly more Si and Al dissolved in
1 M HCI than in the ascorbate extractions. For compari-
son, after 24 h, the 1 M HCI, pH 2 ascorbic acid and pH
7.5 ascorbate extractions released 69-118, 9-22,
10-11 pmol Si per gram dry sediment, respectively. For
Al, the corresponding concentrations were 47-80, 5-13,
2-10 umol per gram dry sediment.

3.2. Microbial extractions

Little Fe?* was generated in the control experiments
with freeze-dried sediment suspended in sterile salt medi-
um, whether or not lactate was added (Fig. 2). In the pres-
ence of S. putrefaciens, however, significant production of
Fe?* occurred. Without lactate addition, the final concen-
trations of ferrous iron in the suspensions with S. putrefac-
iens were on the order of 60% of those reached with lactate
addition (Fig. 2). In one of the microbial incubations with-
out added lactate (A0-1), ferrous iron production was
accidentally interrupted due to contamination by ambient
air.

Production of Fe?' in sediment suspensions with S.
putrefaciens and excess lactate increased linearly with time
during at least the first 33 h of incubation (results not
shown). The iron(III) reduction rates reported here were
calculated from linear least square regressions of the mea-
sured ferrous iron concentrations (dissolved plus adsorbed)
versus time, during the first 33 hours. The correlation coef-
ficients (r) of the linear fits were always greater than 0.95.

For all six sediment intervals investigated, the iron(III)
reduction rates by S. putrefaciens increased with increasing
concentrations of sediment in the suspensions, although the
rates leveled off for the highest sediment loadings. This sat-
uration behavior can be seen in Fig. 3, where the rates are
plotted against the initial concentrations of iron extractable
by buffered ascorbate in the suspensions. Note that the
rates in Fig. 3 are normalized by the number of cells in
the incubations.

The saturation behavior of the iron(Ill) reduction rates
with respect to Fe(III) substrate availability observed
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Fig. 2. Relative production of ferrous iron in the microbial incubations and controls, for the uppermost and deepest depth intervals of Appels and
Waarde. For each depth interval, the Fe** production in the incubations with S. putrefaciens and excess lactate is set equal to 100%. The question mark
indicates incomplete recovery of ferrous iron due to accidental introduction of air.
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Fig. 3. Initial rates of iron reduction by S. putrefaciens, as a function of the concentrations of Fe(III) extractable by buffered ascorbate in the sediment-’
bacteria suspensions. Each data point on a plot corresponds to a different amount of sediment added to a fixed number of cells (2.1 x 10! cells L™"). Rates:
were determined from the Fe?* build-up during the first 33 h of the microbial incubations. The lines are the best fits of Eq. (3) to the data. :
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here is similar to that reported by Bonneville et al. (2004)  sediments, R, were fitted to a Michaelis—Menten-type rate
for the reduction of pure Fe(III) oxyhydroxides by S.  expression: i
putrefaciens. As proposed by these authors, the rates of fer- R=v.. .B. [Fe(III)]5, (3)’3
rous iron production in the incubations with the natural T K + [Fe(IID)]ga -

3
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where vy, 15 the maximum Fe(11I) reduction rate per cell,
B the cell density per unit volume suspension, K, an appar-
ent affinity constant, and [Fe(Ill)]ga the concentration of
iron extractable by buffered ascorbate-citrate solution, ex-
pressed per unit volume suspension. The best fits of Eq. (3)
to the data are shown in Fig. 3, and the corresponding val-
ues of vya, and K, are given in Table 4.

The maximum cell-specific rates of iron reduction by
S. putrefaciens fell within a fairly narrow range. With the
exception of the topmost sediment at Appels, vy., values
ranged from 4.5x107"" to 9.2107"" umol h™! cell™!,
For the uppermost centimeter of sediment at the freshwater
site  Appels, a higher maximum rate of 14.4x
107! umol h™! cell™! was obtained. Note that the values
of vnax are independent of how the Fe(Ill) substrate con-
centration is expressed.

Table 4
Iron reduction of estuarine sediments by S. putrefaciens

4173

In contrast, the apparent affinity constant K, depends
on the concentration units used for the Fe(III) substrate.
For example, Table 4 compares K, values expressed in
units of concentration of iron extractable by buffered
ascorbate-citrate solution (mmol Fe L_l), and in units of
mass dry sediment per unit of volume suspension (g L™!).
The former units are more relevant, because they directly
relate to the availability of Fe(Ill) electron acceptor in
the suspensions. As for vpma,, with the exception of the
uppermost sediment interval at Appels, values of K, exhib-
ited a rather narrow range, from 1.5 to 3.8 mmol Fe L™,
For the 0-1 cm depth interval of Appels sediment, a higher
value was found (11 mmol Fe L™1).

The production of ferrous iron in the microbial incuba-
tions was strongly dependent on the cell to solid ratio. This
is illustrated in Fig. 4, where the concentrations of ferrous

K g dry sediment L™} K, mmol Fe(III) L~}

Vemax (10711 pmol Fe(II) h=! cell™!

[Fe* lnax pmol g~' dry sediment

A0-1 135430 I.1+£25
Al3-15 41 +9 20+£04
A39-41 26+38 20+0.5
W0-1 89 + 27 3.8+09
W13-15 16 £3 0.30 4 0.06
W33-35 75+ 25 1.5+£0.3

144+14 66.4 + 8.6
7.3+04 37.5+3.1
78+04 252+1.8
74+£0.7 304 £08
45402 17.6 £ 3.4
92407 9.5+0.9

The apparent half-saturation constants, K, and maximum cell-specific Fe(II) reduction rates, vmax, are obtained by fitting Eq. (3) to the initial iron
reduction rates measured in the microbial incubations. The maximum concentrations of iron extractable by S. putrefaciens, [Fe** nax, are derived from the

~ best fits of Eq. (4) to the ferrous iron concentrations measured at the end of the microbial incubations. See text for complete discussion.
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_Fig. 4. Total ferrous iron produced in the microbial incubations after 600 h, as a function of the cell density per mass dry sediment, for the six sediment

E;depth intervals. The lines are the best fits of Eq. (4) to the data.
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Fig. 5. Iron dissolution in chemical and microbial extractions. The iron concentrations for the chemical extractions correspond to the M(0) values listed in’
Table 2, those for the microbial extractions are the maximum extractable concentrations of Fe(III) obtained from Eq. (4) ([Fe**}nax, see text and Fig. 4)7
The microbial extractions were performed with bulk, freeze-dried sediment, and with sediment pre-extracted with buffered ascorbate solution. See text foré

complete discussion.

iron measured at the end of the incubations (i.e., after
600 h) are plotted as a function of the cell density of S.
putrefaciens per unit sediment mass. The observed parabol-
ic shapes could be described by:

247 _ (a2t B’

[Fe™] = [Fe™ g - 5 (4)
where 4 is an adjustable fitting parameter, B* the cell den-
sity per unit mass dry sediment, and [Fe®* )., the asymp-
totic concentration of ferrous iron produced when the
cell density is no longer limiting. Values of [Fe**]yax Were
derived by fitting the data plotted in Fig. 4 to Eq. (4).
The best-fit values of [Fe?* ], are listed in Table 4.

In what follows, [Fe2+]max is used as a measure of the
microbially extractable Fe(III) initially present in the sedi-
ment. The highest value of [Fe?"],.., was observed in the
uppermost depth interval of Appels sediment, the lowest
in the deepest depth interval of Waarde sediment. For all
depth intervals, [Fe?*]ax values were lower than the corre-
sponding M(0) values of the three chemical extractions
(Fig. 5).

4. Discussion
4.1. Chemical extractions: kinetics

The three chemical extractions used in this study corre-
spond to three different mechanisms of mineral dissolution
in aqueous solution (Hering and Stumm, 1990). In buffered
ascorbate—citrate solution, ascorbic acid and 1 M HC], iron

A

Az‘_;ubﬁ
minerals undergo, respectively, ligand-enhanced reductivé’
dissolution (Ferdelman, 1988; Kostka and Luther, 1994;
Ferro, 2003; Hyacinthe and Van Cappellen, 2004), acid-en-;
hanced reductive dissolution (Postma, 1993; Larsen and:
Postma, 2001; Roden, 2004), and proton-promoted disso-:
lution (Chao and Zhou, 1983; Canfield, 1988; Svendsen§
et al., 1993; Raiswell et al., 1994),

Since the work of Postma (1993), the reactive contmuum
approach has been used to interpret the results of continu-
ous chemical extractions of iron, manganese, phosphorus
and silicate from natural sediments and aquifer materials
(e.g., Koning et al., 1997; Ferro, 2003; Hyacinthe and
Van Cappellen, 2004; van der Zee and van Raaphorst,
2004). The method consists in fitting the time-dependent re-
lease of the element of interest to Eq. (2). However, the.
applicability of the reactive continuum model depends on:
a number of factors, including the type of extractant and,’
hence, the dissolution mechanism, the nature and reactivity*
of the mineral phases undergoing dissolution, and the
method of parameter estimation. These factors have not
been critically assessed in previous studies. TR

The value of the apparent reaction order, 1 + 1/v, and
consequently, its interpretation as a measure of the hetero-
geneity of the dissolving mineral assemblage, depends on’
the definition of the initial elemental mass, M(0). The value
assigned to M(0) is critical, because the time-dependent
variable being fitted by the continuum model is the relative
change in extractable element mass, M(¢)/ M(0). Therefore,:
comparison of kinetic parameters obtained in different-
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studies is only meaningful when the same definition of
M(0) is used.

In this study, we follow the approach of van der Zee and
van Raaphorst (2004) by defining M(0) as the maximum
amount of iron a given extractant is able to dissolve from
a particular sample. That is, the value of M(0) is specific
for the particular sample and extractant considered. As
for a and v, the value of M(0) is derived from fitting Eq.
(2) to the entire concentration time-series of a given extrac-
tion experiment. For the sediments and extractants used
here, the fitted values of M(0) are close to the aqueous iron
concentrations measured after 24 h of extraction (Tables 2
and 3). This reflects the fact that the aqueous iron concen-
trations reach stable values before the end of the experi-
ments. In other words, the three extraction solutions
dissolve 100% of their corresponding M(0) within 24 h.

Other authors operationally define M(0) as the total
amount of iron released by a more powerful extractant
than the one used in the kinetic extraction. For example,
Postma (1993) imposed the dithionite extractable iron con-
centration as M{(0), when fitting iron dissolution curves
from sediments in ascorbic acid. Ferro (2003) applied the
same method in her study of iron reactivity in estuarine
sediments. Roden and Wetzel (2002) defined M(0) as the
iron extracted by 0.5 M HCI while modeling iron dissolu-
tion kinetics from freshwater sediments in pH 3 ascorbic
acid.

With this second approach, the continuum model usual-
ly predicts incomplete dissolution at the end of a kinetic
extraction experiment, because M(0) includes a larger pool
of iron phases than can be dissolved by the extractant un-

- der consideration. A major drawback is that when a large
¢ fraction of M(0) remains undissolved at the end of the
. extraction, the model fits yield apparent reaction orders
ithat are artificially high. Ferro (2003), for example, reports
freaction orders in the range 4-19 (with an outlier of 68) for
iron extractions in buffered ascorbate, compared to the
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generally lower values found here for similar estuarine sed-
iments extracted identically (Table 2). Use of the extract-
ant-specific value of M{0) not only avoids the ambiguities
associated with the operational definition of the total reac-
tive iron content of a sample, but also those surrounding
the interpretation of the corresponding reaction orders.

The results in Fig. 1 further show that the reactive con-
tinuum model fails to reproduce the observed shapes of the
initial parts of the iron dissolution curves in the acid extrac-
tion media. As illustrated in Fig. 6, the pH 2 ascorbic acid
and 1 M HCIl extraction data are more consistent with the
dissolution of distinct iron pools exhibiting vastly different
reactivities, rather than with a reactive continuum.

The simulated dissolution curves in Fig. 6 assume 1:1
mixtures of two homogeneous iron pools. In the first case
(Fig. 6A), the first-order dissolution rate constants differ
by two orders of magnitude, in the second case (Fig. 6B)
by one order of magnitude. In the latter simulation, the to-
tal iron dissolution curve is reasonably well reproduced by
the reactive continuum model. Reducing the relative differ-
ence in rate constants further improves the model fits (re-
sults not shown). The same conclusion applies when
more than two iron pools are included, as long as succes-
sive rate constants differ by one order of magnitude or less
(results not shown). These findings are in line with those of
Boudreau and Ruddick (1991), who assessed the applica-
bility of the reactive continuum model to the early diage-
netic degradation of organic matter.

When the dissolution rate constants in the mixture devi-
ate by more than one order of magnitude, the reactive con-
tinuum model no longer matches the features of the
dissolution curve (Fig. 6A). However, the deviations be-
tween the model and the dissolution curve in Fig. 6A
resemble those observed for the pH 2 ascorbic acid and
1 M HCI extractions in Fig. 1. This suggests that the acid
extractions release iron from (at least) two radically differ-
ent sedimentary pools.

250
200
150
100
50
RN L B B B B

0 4 8 12 16 20 24

000208 €000 000000000000000
Sad

Fe2* (umol/g dry sed) w

Fast dissolution (k=1.68x10-3 s1)
Medium dissolution (k=1 68x104 s")

Slow dissolution (k=1.68x10°5s"1)
Cumulative curve

e > OO

Gamma fit model

i
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3 1g 6. Simulated iron dissolution curves for hypothetical 1:]1 mixtures of two homogeneous iron mineral pools. Each pool follows first-order dissolution
inetics, characterized by a first-order rate constant, k. Two mixtures are considered, with rate constants differing by two (A) and one (B) order of
flagnitude, respectively. Dissolution curves are shown for the individual mineral pools and their mixtures. Solid lines are the best fits of the continuum
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The reactive continuum model has been used successful-
ly in previous studies to fit iron dissolution curves during
acid extractions (e.g., Postma, 1993; Larsen and Postma,
2001). Partly, this may reflect intrinsic differences in the
nature and reactivity of the extracted iron phases. Another
reason, of a more methodological nature, may also play an
important role. The discrepancies between data and model
reported here become apparent only because of the very
high sampling resolution used, which, in particular, makes
it possible to precisely define the very earliest portions of
the dissolution curves. Previous studies have relied on
coarser sampling intervals and the resulting data sets
may, therefore, be insufficient to fully assess the validity
of the reactive continuum model.

4.2. Chemical extractions: iron pools

The intertidal estuarine sediments used in this study are
fairly rich in reactive iron: with the exception of the deepest
sample at Waarde, the selected sediment intervals contain
1 M HCI extractable iron in excess of 0.5 weight %. In
addition, our previous study provided evidence for intense
redox cycling of iron at the two sites (Hyacinthe and Van
Cappellen, 2004). Reduction of reactive Fe(III) phases
was evident from the build-up of high pore water Fe*" lev-
els below the upper oxic layers of the sediments. At
Waarde, the pore water Fe?t profiles exhibited maxima
at depths of 10-30 cm, below which they decreased because
of aqueous Fe?* removal by iron sulfide precipitation. Col-
lection of authigenic precipitates on Teflon plates deployed
at both sites further provided direct evidence for in situ oxi-
dative precipitation of iron(III) within the uppermost few
centimeters of the sediments and, at Waarde, also at great-
er depths around macrofaunal burrows (for a complete dis-
cussion, see Hyacinthe and Van Cappellen, 2004).

As can be seen in Fig. 5, the relative differences in the
amounts of iron extracted by buffered ascorbate, ascorbic
acid at pH 2 and 1 M HCI are much smaller for the top first
centimeter of sediment at Appels, compared to the other
five sediment intervals. These results indicate that the
extracted iron in the upper oxidizing layer of the freshwater
sediment consists mainly of a single pool of reducible
Fe(I1I), which was previously identified as a hydrous ferric
phosphate phase, with a molar P/Fe ratio in the range 0.7-
0.8 (Hyacinthe and Van Cappellen, 2004).

The presence of ferric phosphate extractable by ascor-
bate—citrate solution at near-neutral pH was also demon-
strated at the Waarde site. However, the time-dependent
Teleases of Fe and P from Waarde sediments indicate that
Fe(II1) phases other than ferric phosphate are dissolved
by the buffered ascorbate solution (Section 3.1). Presum-
ably, these reducible iron phases are poorly crystalline iro-
n(IIl) (hydr)oxides with P/Fe ratios well below 0.7
(Hyacinthe and Van Cappellen, 2004).

The significantly enhanced release of calcium during the
acid extractions (Table 3) most likely reflects the non-
reductive dissolution of minerals such as carbonates. The

release of Si and Al further provides evidence for protons
promoted silicate mineral dissolution, especially in 1 M
HCI (Section 3.1), while ferrous sulfide minerals are also]
known to dissolve under acid conditions (Cornwell andj
Morse, 1987). Thus, the acid extractions mobilize a broady
er range of distinctly different mineral constituents frony
the sediments, which explains why the reactive continuum¥
model does not fit the iron dissolution curves by the acidg
extractants as well as those in buffered ascorbate—citratg]
solution. i

Comparison of the three extractions indicate that reduc
tive dissolution by ascorbate, at near-neutral pH and in they
presence of citrate, is the most appropriate method tog
quantify the reactive Fe(IIl) pool in the estuarine sedi-;
ments. As shown by Fig. 5, when S. putrefaciens cells are;
incubated with sediment previously treated with buffered}
ascorbate, no ferrous iron is produced. Hence, the buffered]
ascorbate extraction removes the bioavailable Fe(III) pool
from the sediments. ;

4.3. Microbial extractions: kinetics 4

Bonneville et al. (2004) recently showed that, in the presg
ence of excess lactate, initial reduction rates of pure, well-4
defined Fe(III) oxyhydroxides by S. putrefaciens exhibitj
saturation with respect to the availability of solid Fe(III)
substrate. This behavior is described by the well-known§
Michaelis—Menten rate expression (Eq. (3)). The results
in Fig. 3 show the same behavior for the set of iron-richg
estuarine sediments studied here. Therefore, it should bej
instructive to compare the kinetic parameters v, and3
K, obtained for the natural sediments to those of the pure
Fe(I11) minerals. 1

The highest values of the maximum Fe(III) reduction rate;]
per cell, vy.x, were measured by Bonneville and coworkers
for ferrihydrite (8.1 0.3x 107! umolh~!cell™!) and}
amorphous Fe(III) oxide (6.5 + 0.3 x 10! ymol h™! cell™}),
while a coarse-grained hematite yielded the lowest value
(0.27 £ 0.03 x 10" pmol h™! celi™!). As can be seen in Table}
4, with one exception, the vy,,, values for the natural sedi-:
ments are similar, or higher, than those of ferrihydrite and
amorphous Fe(III) oxide. Even the lowest v,y value, in}
sample W13-15, is only slightly smaller than that for syn-1
thetic amorphous Fe(IIT) oxide. The results thus imply that ]
the sedimentary iron pool utilized by the bacteria consists of;
highly reactive Fe(III) phases. k

A survey of available data further shows that the K}
values obtained for the estuarine sediments fall within the
same order of magnitude as those for single reactive Fe(III) }
oxyhydroxides. For reduction by S. putrefaciens of ferrihy- j
drite and amorphous ferric oxide suspensions, K, values]
between 0.6 and 3 mM Fe(III) were found for a large range’
of mineral to bacteria ratios (Bonneyville et al., 2004). With:
the exception of sample A0-1, similar values are obtainei
here (Table 4) when the buffered ascorbate extractable iron'§
concentration is used as a measure of the bloavallable'
Fe(I1I) pool. i
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Roden and Wetzel (2002) and Jensen et al. (2003)
found that microbial iron reduction in freshwater wet-
land sediments and nearshore marine sediments is no
longer limited by the availability of reactive iron(I1II)
phases at concentrations above 100 and 30 mmol Fe(III)
L~ !, respectively. These results seem to imply higher K,
values than obtained here. A comparison between the
studies is not straightforward, however, especially as dif-
ferent chemical extraction methods were used to assess
the reactive iron(III) pools. Roden and Wetzel relied
on HCI extractions. Jensen and coworkers used oxalate
extractions, further correcting the extractable Fe(III) con-
centrations for the unreactive background levels. These
authors also compared oxalate and HCI extractions
and found that the latter overestimate bioavailable
Fe(IlI). Thus, the corrected, oxalate-extractable Fe(III)
concentrations of Jensen et al. are likely to reflect the
reactive Fe(IIl) phases available to iron reducing organ-
isms. The corresponding half-saturation constants
(12+ 5mM Fe(Ill), Fig. 6 in Jensen et al., 2003) are
in the upper range of our values (0.3-11.1 mM Fe(III),
Table 4).

Half-saturation constants for in situ microbial iron
reduction have also been constrained by reactive transport
modeling (Wang and Van Cappellen, 1996). These authors
fitted solid-state and pore water compositional depth pro-
files collected in three marine sediments of the Skagerrak
using a multi-component early diagenetic model. To repro-
duce the observed reactive Fe(Ill) profiles, K, values for
dissimilatory iron reduction in the range 65-100 umol
Fe(IIT) g~! dry sediment were required. These model-de-
rived values are quite similar to the experimental values
for Fe(III) reduction in estuarine sediments by S. putrefac-
iens (20-80 pmol Fe(III) g~! dry sediment).

The relative magnitudes of the affinity constant, K, and
the actual concentration of bioavailable Fe(III) determine
whether or not microbial iron reduction is limited by
Fe(I1I). Only when the concentration is significantly larger
than K, is the iron reduction rate independent of the avail-
ability of bioavailable Fe(IIl). On this account, the iron
reducers in the six sediment depth intervals studied should
be limited by the availability of reactive Fe(IIl}. Limitation
should be least severe in the uppermost depth interval at
Appels, which contains the highest concentration of reac-
tive Fe(III).

Maximum rates of microbial iron reduction reported for
natural freshwater and marine sediments vary over several
orders of magnitude (range 2-100 nmol Fe(III) cm™3h~!,
Thamdrup, 2000; Roden and Wetzel, 2002; Jensen et al.,
2003; Canavan et al., 2006). These rates are difficult to
compare directly to cell-specific Fe(III) reductions rates
such as those measured here for S. putrefaciens, because
of a general lack of knowledge on the abundance, diversity
and activity of iron reducers in sediments. This lack of
‘knowledge represents a major stumbling block for the fur-
ther development and calibration of kinetic models for
{in situ microbial iron reduction.

4.4. Chemical versus microbial extractions

In the buffered ascorbate extractions and the incuba-
tions with S. putrefaciens reactive Fe(11l) mineral phases
are reduced without the interference of proton-promoted
dissolution processes. Both approaches indicate the pres-
ence of chemically and microbially reactive Fe(III) in all
the sediments studied. They also concur that highly reac-
tive and bioreducible Fe(III) is most abundant in the top-
most sediment layer at the freshwater site. There are
nonetheless some essential differences between the chemical
extractions and the microbial incubations.

In particular, in the buffered ascorbate extractions
Fe(III) is being reduced in the presence of excess reductant
(ascorbate) and ligand (citrate). Hence, the rate at which
iron is released does not depend explicitly on the concen-
trations of the reductant and ligand. In contrast, in the
microbial incubations, the bulk iron reduction rate depends
on the cell to sediment ratio (Fig. 4), indicating that satu-
ration by the added bacterial biomass has not been
reached.

Therefore, in order to compare chemically and microbi-
ally extractable Fe(III), we use the extrapolated, asymptot-
ic ferrous iron concentration released by S. putrefaciens,
(Fe** |max (Eq. (4), Fig. 4). The value of [Fe?" |,y is consid-
ered to represent the maximum amount of Fe(III) that can
be reduced microbially, when biomass is present in excess
and thus no longer limits the extent of Fe(IIl) reduction.
These are the conditions most resembling those encoun-
tered in chemical extractions. In Fig. 7, the values of
[Fe?*)max are plotted against the corresponding values of
M(0) for the three types of chemical extractions performed.

90, —
Q Asc pH7.5
& Asc pH2

8o} © HCI :zi':z’;

Iron microbial extractable (pumol/g dry sed)

g 5 100 150

{ron chemically extractable (umol/g dry sed)

Fig. 7. Maximum concentrations of iron extractable by S. putrefaciens
from the sediments ([Fe?*]nax in Eq. (4)) versus chemically extracted iron
concentrations by the three extractant solutions (M(0) in Eq. (1)). The
solid, dashed and dotted lines are linear regressions of the data, forced
through the origin for buffered ascorbate-citrate solution (pH 7.5),
ascorbic acid (pH 2), and 1| M HCI, respectively.
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The microbially extractable Fe(III) concentrations
exhibit a strong linear correlation with the Fe(III) concen-
trations extracted by ascorbate-citrate solution at pH 7.5.
This.provides further evidence that the bacteria utilize the
ascorbate reducible Fe(III) pool present in the sediments.
Much weaker correlations are observed between [Fe? Jnax
and iron release by the two other extraction solutions, with
the lowest correlation coefficient for the 1 M HCI extrac-
tions. This is consistent with the mobilization by the acid
extractions of (ferrous and ferric) iron phases that are
not utilized by the bacteria.

The results in Fig. 7 also show that on average the bac-
teria only reduce 65% of the Fe(I1I) reducible by ascorbate.
Apparently, the organisms are unable to access the remain-
ing 35% of the reactive Fe(III) pool. Possibly, this is due to
physical occlusion of a fraction of the reactive Fe(I1I) phas-
es, as also suggested by Zachara et al. (2004) for a contam-
inated aquifer. Such a hypothesis is in line with our
previous electron microscopic observations on the sedi-
ments (Hyacinthe and Van Cappellen, 2004). These reveal
fine-grained, authigenic Fe(III) precipitates that are inti-
mately associated with larger mineral grains. Thus, some
of the precipitate mass may be located in small pores and
cracks of the larger grains, where it can be reached by dis-
solved reactants, but not by the cells.

Because iron dissolution in buffered ascorbate solution
follows the reactive continuum model, the apparent rate
constant, v/a, can be used as a relative measure of the
chemical reactivity of the Fe(III) mineral phases undergo-
ing reductive dissolution. Similarly, the maximum Fe(I1I)
reduction rate per cell, vyax, provides a relative measure
of the microbial reactivity of the sedimentary Fe(III). That
is, variations in v/a and vyax should reflect changes in the
nature and properties of chemically and biologically reduc-
ible Fe(IIl) in the sediments. The two kinetic parameters
are compared in Fig. 8.

The values of v/a and vy, exhibit a rough correlation
(Fig. 8). The significant scatter may in part be due to the
relatively small ranges of parameter values for the set of
sediments considered. A much stronger correlation emerg-
es when including values of v/a and v,,, measured on sin-
gle, synthetic Fe(III) mineral phases, covering a much
broader range of chemical and microbial reactivities
(Fig. 8). Specifically, lepidocrocite and coarse-grained
hematite exhibit much lower values of v/a and vy, than
the sediments, while freshly precipitated ferric phosphate
exhibits similar values. The high values of the kinetic
parameters for the natural sediments confirm that S. putre-
faciens utilizes the most reactive Fe(IIT) phases present in
the sediments.

The correlations in Figs. 7 and 8 indicate a general cor-
respondence between the kinetics and extent of iron mobi-
lization in the microbial incubations and the extractions in
buffered ascorbate—citrate solution. They also highlight
some of the inherent caveats in using chemical extractions
to infer the utilization of particulate Fe(III) by iron reduc-
ing microorganisms. In particular, the fraction of chemical-
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Fig. 8. Maximum iron reduction rates per cell (vmax in Eq. (3)) versus the’
apparent first-order rate constants for iron dissolution in buffered’
ascorbate solution (v/a in Eq. (1)). Open (Appels) and filled (Waarde)’
squares correspond to the estuarine sediments, while (A), (B) and (C).
indicate the ranges of the kinetic parameters for amorphous ferric
phosphate, lepidocrite and hematite, respectively. The vy, values of the‘
pure mineral phases were obtained fol]owmg the procedure of Bonnevﬂle
et al. (2004).

i
R
ly reducible Fe(IIl) that is not accessible = to;
microorganisms, because of physical occiusion, most likely:
varies from one sedimentary environment to another. Fur=
thermore, some iron reducers may partially overcome thxs§
physical limitation by relying on dissolved electron shuttles?
(Royer et al., 2002; Kappler et al., 2004). Chemical extracy
tions should therefore be used in conjunction with other.
methods in order to assess the potential for microbial iron
reducing activity in natural porous media. These methods:
may include bioreduction experiments with model organ-
isms, such as those performed here using S. putrefaciens,:
but also methods to characterize the distribution and fabric}
of iron mineral assemblages, plus the structure, physmlogyd
and activity of the resident iron reducing communities. 5

B

5. Conclusions 'y

Extractions by ascorbate at near-neutral pH, in the pres3
ence of citrate as complexing agent, selectively mobilizes:
the reactive pool of reducible Fe(IIl) from the estuarine’
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sediments, within less than 24 h. The other two chemical
extractions (pH 2 ascorbic acid and 1 M HCI) cause addi-
“tional, acid-enhanced dissolution of ferrous iron minerals
and significantly less reactive Fe(III) minerals. As a corol-
lary, only the time-dependent dissolution of iron in the buf-
. fered ‘ascorbate extractions is adequately described by the
reactive continuum model.
The maximum concentrations of Fe(III) extractable by
-S. putrefaciens correlate linearly with the Fe(III) concentra-
tions extracted in the buffered ascorbate—citrate extrac-
tions, implying that the bacteria utilize the ascorbate
reducible Fe(III) pool of the sediments. The maximum iron
reduction rates per cell, vgax, Obtained for the estuarine
sediments are of comparable magnitude as those measured
for ferrihydrite and amorphous ferric oxide reduction by S.
putrefaciens. The values of vy, for the sediments and pure
- Fe(I11) mineral phases further correlate positively with the
_apparent first-order rate constants of iron reduction in buf-
fered ascorbate-citrate solution.
The incomplete utilization by S. putrefaciens of the
:ascorbate reducible pool of Fe(Ill) indicates that physical
access of solid-phase Fe(I11) may potentially be a limiting
factor for in siru dissimilatory iron reduction. The en-
Lhanced accessibility to sedimentary Fe(III) phases of dis-
solved reactants (e.g., ascorbate and citrate), relative to
the much larger cells of iron reducing bacteria, represents
‘a significant difference between chemical and microbial
.extractions. The buffered ascorbate extractable Fe(1II) con-
;centrations therefore provide maximum estimates of the
tbioavailable Fe(III) present in the sediments.
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