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 3. Factors limiting iron oxide reduction in a tidal
freshwater and a Mediterranean deep sea sediment

Imola Ferro and Jack J. Middelburg

3.1. Abstract

The role of an oxidant in the degradation of organic matter is a function of the
organic carbon and oxidant availability. Much knowledge is available for the
dissolved oxidants (O2, NO3, SO4 and CH4). We describe results of a set of slurry
experiments, with different additions of reactive iron oxides and labile organic
carbon, to study the factors limiting iron-oxide reduction in tidal freshwater,
estuarine and deep-sea sediments. In the freshwater sediments iron oxide reduction
was limited by the availability of reactive iron oxides. Addition of organic carbon
enhanced methanogenesis that was inhibited when iron oxides were added as well.
The estuarine and deep-sea sediments were primarily limited by organic carbon.
Maximum rates of iron oxide reduction (Vmax) were between 2.3 and 5.6 x 10-5 mol
m-3 sec-1 in freshwater slurries, irrespective of organic carbon loads. Vmax in deep-
sea slurries increased with higher organic carbon loads reaching about 3.8 x10-5

(mol m-3 sec-1).

3.2. Introduction

Mineralization of sedimentary organic carbon involves a number of electron
acceptors. After depletion of oxygen, micro-organisms utilise other electron
acceptors including NO3, Mn-oxides, Fe-oxides and sulphate and in their absence
methanogenesis will dominate. In the past decades denitrification, sulphate
reduction and methanogenesis have intensively been studied. More recently it has
been shown that under specific conditions iron and manganese oxide reduction can
be as important as one of the other anaerobic degradation pathways (Canfield et al.
1993b, Canfield et al. 1993a, Thamdrup and Canfield 1996).
Oxygen, nitrate, sulfate and methane are dissolved in the porewater and
(molecular) diffusion is the dominant transport mode, whereas iron and manganese
oxides are in a particulate form with the consequence that transport is impeded.
Collection and analyses of porewater is relatively easy and the dissolved
constituents have therefore been studied in detail (Jorgensen 1977, Revsbech et al.
1980, Sorensen 1987, Bakker and Helder 1993, Van der Nat and Middelburg 1998,
Sansone et al. 1998). This resulted in a lot of knowledge about the factors
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influencing rates of aerobic degradation, NO3 and SO4 reduction and
methanogenesis in sediments. It has been found that i) the oxidants are used
sequentially (Froelich et al. 1978) and ii) that the importance of a certain dissolved
oxidant in total mineralization is a function of organic carbon and the oxidant
(Canfield 1994, Wijsman et al. 2002).
The solid phase oxidants, Fe and Mn oxides, are more complicated to study, and
they therefore have been studied much less than the dissolved oxidants. In this
study we focus on the role of iron oxide as an oxidant in organic matter
mineralization.
The particulate nature of iron oxides poses a number of complications. One, the
details of iron oxide reduction have not been elucidated. Research is still going on
to determine how important electron shuttling e.g. with humic substances (Lovley
and Blunt-Harris 1999; King and Garey 1999, Nevin and Lovley 2000) and direct
bacteria - oxide contact are for iron oxide reduction. Two, the nature, reactivity and
availability of iron oxides varies considerably among sediments (Canfield 1989,
Postma 1993), and there is no simple or straightforward method to measure the
pool of available iron oxide. One therefore has to revert to operationally defined
extractable pools (Lovley and Phillips 1987, Canfield 1989, Phillips et al. 1993,
Kostka and Luther 1994). Three, measurement of iron oxide reduction rates is
rather problematic. The size of the extractable iron-oxide pool is usually very large
compared to the amount of iron reduced during incubations. Thus any changes in
this pool are too small to detect. Another option is to measure the production of
dissolved Fe (II) rather than the consumption of Fe (III) oxides. However a large
amount of reduced iron may be adsorbed on clay particles, cell surfaces or iron
oxides (Roden and Zachara 1996, Kostka et al. 1999a). Moreover precipitation
reactions with carbonates and sulfides (Berner 1984, King and Farlow 2000) or re-
oxidation and subsequent Fe-oxide precipitation (Postma 1985, Widdel et al. 1993,
Murase and Kimura 1997, Postma and Appelo 2000) result in lower concentrations
of Fe (II) as well. Finally, sedimentary iron reduction is not exclusively coupled to
carbon oxidation, but may also result from chemical reduction, e.g. iron oxide
reduction by dissolved sulfide (Pyzik and Sommer 1981, Murase and Kimura
1997).
Reduction rates of Fe-oxide have been reported for various sediments, e.g. marine
sediments (Canfield et al. 1993b, Slomp et al. 1997, Thamdrup and Canfield 1996),
freshwater sediments (Roden and Wetzel 1996), salt marshes (Kostka and Luther
1994, Luther et al. 1992), rice fields (Achtnich et al. 1995, Kruger et al. 2001) and
landfills (Albrechtsen et al. 1995;Kennedy and Everett 2001). These studies
revealed that there are a large number of factors governing the relative importance
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of iron oxide reduction and its interaction with other pathways. The relation
between the importance of iron reduction in mineralization and the flux of organic
carbon to the sediment has been modelled by Wijsman et al. 2002. They have
shown that iron oxide reduction contributes most to total mineralization at
intermediate carbon loading and that different factors may control iron oxide
reduction in different environments. It is difficult to elucidate the limiting factors
for the iron oxide reduction in natural sediments, as interactions of controlling
factors can not be controlled. Thereby, to identify the relation between iron oxide
reduction and a controlling factor, one should use sediments differing in only one
aspect. Because of co-variation of most biogeochemical processes this is
impossible in natural sediments.
This research aims to investigate the optimal conditions for iron oxide reduction in
sediments that differ in organic carbon and iron oxide concentrations. We have
studied mineralization pathways in slurry incubations with addition of different
amounts of Fe-oxides and organic carbon. Our results indicate that the controlling
factors depend on the initial availability of iron oxide and organic carbon.

3.3. Material and Methods

3.3.1. Site description

Appels is a freshwater tidal sediment along the Scheldt river (Belgium) which is
flooded twice a day (i.e. every tide), salinity is about 0.7. The sediment consists of
silt (sediment specific surface area is 4.38 m2 g-1, medium grain size ~ 63 µm). The
sediment is rich in organic matter (2.13 wt. % org C (4.8 mg C m-2), 0.19 wt. % N-
total with a molar C/N-ratio of 12.9 ). This is due the particulate organic carbon
supply from the river Scheldt, in situ benthic algal production and the high organic
carbon input from the vegetated marsh adjacent to the flat. Samples were taken
with Plexiglas cores (id. 10 cm). For the slurries 10-cm top-layer samples were
pooled and thoroughly mixed.
Eastern Mediterranean sediment was collected by box-coring during the Smilable
cruise with R.V. Logachev in 1999. Care has been taken not to collect sediment of
distinctive layers like the manganese marker-bed, the sapropelic layer S1 or the
anaerobic sediment beneath S1 (De Lange et al. 1989). Organic carbon degradation
is very low (0.45 g. C m-2 yr-1) (Moodley, personal communication) and organic
carbon content is 0.27 wt. % (0.1 mg C m-2). The eastern Mediterranean sediments
are hemi-pelagic muds with a high (BET-N2) specific surface area (31.2 m2 g-1) and
salinity is 38. Samples were thoroughly mixed and then sealed in a N2 atmosphere
and stored at 4 °C until use.
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The Grevelingen site is situated in Lake Grevelingen (The Netherlands), a
constructed salt-water lake. It is a submerged site (51.45.78 N; 3.58.47 E, 3m) with
a salinity of 28. The sediment contains 0.07-0.2 wt % organic carbon (~ 0.9 mg C
m-2). Median grain size was 334 µm, the (BET - N2) specific average reactive
surface area was 1.46 m2 g-1. The top-layer (0-0.25 cm) of the sediment was
somewhat finer grained (median grain size 178.8 µm and sediment surface area 2.1
m2 g-1). Oxygen penetration measured with a microelectrode was ~0.9 cm, but
depends on waterflow conditions in these coarse permeable sands. The site is
prone to erosion and little sediment accumulation occurs. The sediment from this
site was used in a pilot study and the number of treatments was limited.

3.3.2. Solid-phase extractions

Sediment for solid phase extractions and determination of water content has been
taken before each set of slurries. Porosity was calculated from water content
assuming a sediment dry density of 2.5 g cm-3. A number of extractions was used
to characterise the pools of iron oxides. Ascorbate and HCl extractions were
performed in an anaerobic chamber (Coy Laboratory Products) filled with > 97 %
N2 and < 3 % H2.
The pool of amorphous Fe (III) oxides was extracted using ~ 0.3 g. wet sediment
and 5 ml of an anaerobic solution of 10 g sodium citrate, 10 g sodium bicarbonate
and 4 g ascorbic acid in 200 ml demineralised water (Kostka and Luther 1994).
Extraction lasted about 24 hrs and the samples were continuously shaken in the
dark. After filtration (0.45 µm cellulose acetate filter) iron concentrations were
analysed in the filtrate. The amorphous iron extracted with this method is
considered the most reactive part of the total sediment iron pool.
The pool of dithionite extractable iron represents amorphous iron (III) oxides,
crystalline iron (III) oxides and the pool of iron bound to acid volatile sulfides
(FeS) and was based on Canfield 1989. Leachant (5 ml, 0.35 M acetic acid/0.2M
Na-citrate solution with 50 g l-1 dithionite) was added to ca. 0.3 g. wet sediment.
After 2 hours shaking samples were filtered over a 0.45 µm filter and the filtrate
was acidified with 0.1 ml 6 N HCl / ml filtrate.
The HCl extractable pool (amorphous iron oxides and AVS) sensu Kostka and
Luther 1994 was measured through addition of 10 ml 0.5 M HCl solution to ca. 0.3
g. of wet sediment taken before or after use in a slurry. After 1 hour of incubation
the sediment is filtered over 0.45 µm. Fe (II) and total Fe (FeHCltot) in the filtrate
are measured with the ferrozine method (Stookey 1970) using HEPES buffer (12 g
l-1 HEPES) for Fe (II) determination or reducing HEPES (12 g l-1 HEPES and 20
ml H3NO.HCl 10 g 100 ml-1) buffer for total Fe determination (ferrozine
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reagent 5 g l-1, adsorbance measured at λ = 562). HCl extraction allows
determination of adsorbed Fe (II) and the reduction state of the sediment. The
difference between Fe (II) content before and after the experiment provides the
amount of reduced iron that has precipitated or adsorbed to the sediment during
the incubation. The ratio of Fe (II)adsorbed to Fe (II)dissolved has been used to
correct iron oxide reduction rates based on the production of dissolved Fe (II).
The pool of total sediment iron (Fetotal) was measured on a freeze-dried split of the
sediment. The method used HNO3/HCl as destructant, a microwave for high
temperature and a pressure digester (Nieuwenhuize et al. 1991).

3.3.3. Slurries

Sediment slurries were made and kept in an anaerobic chamber. About 30 g of wet
sediment was weighed in 100 ml flasks and diluted with 50 ml (30 ml for
Grevelingen slurries) N2 flushed bottom water and closed with septa. Slurries were
kept in the dark at room temperature and continuously shaken.
To identify the functional relationship between iron oxide reduction and carbon or
Fe-oxide concentrations we have made a number of experimental additions to our
slurries. Carbon was added as a glucose solution and iron oxides as freshly
precipitated amorphous iron oxides prepared according to the method of Lovley
and Phillips 1986. Fe concentrations in the oxides were determined by dissolution
in a 20% sulphuric acid solution followed by Inductively Coupled Plasma – Optical
Electron Spectrometry (ICP-OES) (Fe 1034 µmol g oxide-1, Mn 34 µmol g oxide-

1).The added amounts of glucose were based on the total amount of carbon
mineralised in 3 days in the top 10 cm of Appels sediments (rate 40 mol m-2 yr-1,
value based data from Middelburg et al. 1996a). Resulting in final volume based
concentrations of organic carbon of 1.64, 8.22 and 14.79 µmol cm-3 for the Appels
slurries with 0, 4 and 8 times additional carbon. Final concentrations of carbon in
Mediterranean slurries were 0.02, 0.18 and 6.59 µmol cm-3 for slurries which were
named respectively 0, 0.1 and 4 additional carbon. For Grevelingen slurries carbon
additions were based on the wt. % organic carbon value. Iron additions in Appels
and Mediterranean slurries are based on the amount of Feasc in the Appels
sediment in (Feasc ~ 65 µmol g-1). The final iron-oxide load is calculated by the
amount of added iron and the concentration of Feasc at the start of the experiment.
In the Grevelingen slurries iron oxide addition is based on Feasc in the Grevelingen
sediment (~ 6 µmol g-1). All additions were duplicated except those of the pilot
study (Grevelingen).



✗✙

✮❉❋❘✄❖��
��◗❏✄�❘◗✄❘��❍✄❍�❋�❘◗✄�◗✄❉✄��❉❖✄�❍❑

❉❍✄❉◗�✄❉
✵
❍��❍❉◗❍❉◗✄�❍❍❙✄❍❉✄❍���

❍◗

3.3.4. Sampling

Sampling started directly after the bottles had been closed and contents well mixed.
Additional samplings were made at t = 10 hrs, and t = 1, 2, and 3 days. Samples, 4
ml (3 ml for Grevelingen sediments), were taken with a needle and a syringe,
keeping the bottles closed and the headspace intact. After filtering (0.45 µm)
samples were split as follows. A 2 ml portion was put in headspace vials, capped
and acidified with 100 µl 20% H2SO4. CO2 and CH4 were analysed in the
headspace. These data were used to calculate CO2 and CH4 concentrations in the
slurries (Van der Nat and Middelburg 1998; Dauwe et al. 2001). After gas analyses
vials were opened and water was used for metal analyses (ICP-OES). The un-
acidified part of the sample was used for pH measurements and stored frozen
afterwards. For Mediterranean samples a third sub-sample of 0.38 ml was taken
and immediately fixed with 0.02 ml zinc-acetate (20 mM) for later sulphate
analyses.

3.3.5. Analyses

Gases were analysed using a Carlo-Erba gaschromatograph, type MEGA 5340-00
equipped with a Haysep-Q column, 2m x 2 mm ID, mesh size 80-100 and a flame-
ionisation detector for CH4 and a hotwire detector for CO2.
Concentrations of Fe, Mn, Ca, Na, Al, P in acidified samples were measured by
Inductively Coupled Plasma –Optical Electron Spectrometry (Perkin-Elmer
Optima 330 DV, using axial and radial view depending on concentration levels)
The sulphate concentration in porewater samples was analysed by ion-
chromatography with a Dionex auto-suppressed anion system (Ion Pac AS11
column with ASRS suppressor).

3.3.6. Statistics & calculations

Reduction and production rates are calculated from initial slopes of the changes in
concentration with time. Average reduction rates are shown; error bars represent
the st.error of the 2 replicates. Statistical significance, based on regression statistics
and analysis of variance have been performed with Statistica.
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3.4. Results

The sediment characteristics have been described in Material and Methods and are
presented in Table 1. Appels is a freshwater silty sediment with a high carbon
loading (4.8 mg C.m-2), while the Mediterranean sediment is a hemi-pelagic mud
with a low carbon loading (0.1 mg C m-2). The Grevelingen sediment has an
intermediate carbon loading (0.9 mg C m-2) and is a coarse sand with a salinity of
28.

Table. 1. Characteristics of the sediments used in the slurries. Values of Fetotal and Mntotal
in the Mediterranean sediments are estimates based on other Mediterranean sediments

Site

Fe
asc

(µm
ol g

-1)

Fe
dith

(µm
ol g

-1)

Fe(IIIH
C

l
(µm

ol g
-1)

Fe(tot)H
C

l
(µm

ol g
-1)

Fe
total

(µm
ol g

-1)

M
n

dith

(µm
ol g

-1)

M
ntotal

(µm
ol g

-1)

C
arbon

(m
g C

 m
-2)

surfacearea
(m

2 g
-1)

Salinity (‰
)

Appels 64.6 74.2 39.4 54.1 381.6 5.8 12.9 4.8 4.38 < 1

Mediterranean 19.7 60.9 1.4 8.0 457 7.2 20.0 0.1 31.22 38

Grevelingen 7 13.3 na na 48.2 na 1.2 0.9 1.46 28

3.4.1. Mineralization rates

Rates of mineralization and production of anaerobic mineralization products of
Appels slurries are presented in Fig 1a - 1c. Addition of iron oxides to sediments of
Appels results in a rapid and large increase of the iron oxide reduction rate in the
slurries with no carbon addition (Fig. 1a). At an iron concentration of about 70
µmol g-1 the reduction rates show no further increase and seem to reach a plateau.
Reduction rates of manganese show a similar pattern as the iron oxide reduction
rates, but with much lower values. In all Appels slurries the measured dissolved Mn
production could very well result from the Mn liberated during the reduction of
the Mn-bearing artificial iron oxides. However, due to side reactions like
adsorption on to clay particles or precipitation measured Mn (II) probably does not
correspond to real Mn (II) production (see discussion). Methane production was
very low.
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Fig. 1: Production rates (µmol l-1 d-1) in freshwater slurries in relation to the
load of reactive iron. Left y-axis: reduced Mn (squares),CH4 (circles),right y-
axis: reduced Fe (diamonds).
a) no additional carbon, b) 4 times carbon added, c) 8 times carbon added.

Fig. 1a

Fig. 1b

Fig. 1c
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With additional organic carbon the effect of iron addition is similar (Fig 1b),
though details differ. For the 4C treatment some additions of iron oxide cause a
large increase in iron reduction rates like in the 0C treatment. However the
response curve is rather erratic, perhaps due to the fact that this data set consists of
2 sediment batches (one for 49.7 to 66.9 µmol Fe g-1 and one for 79.6 to 267.7
µmol Fe g-1). This cause is not very likely, as control slurries (no Fe-oxide added)
do not show such differences between the two batches. Moreover the site looks
very homogeneous, cores are taken less than 1 m apart and we mixed the top 10
cm of several cores for each batch. Moreover none of the other analysed
constituents showed this type of split response curve. Hardly any dissolved
manganese is measurable. Methane production is evident and rates decrease with
higher iron additions.
In the series with 8 times carbon addition (Fig. 1c) the small changes already seen
between the 0 and 4 glucose treatments are more pronounced. Iron oxide
reduction rates increase with higher iron addition. The plateau is at an iron oxide
load of about 108 µmol g-1 with rates being slightly lower than for the 0 C addition.
Manganese dissolution reappears in these slurries. Methane production is highest in
the treatments with little iron addition and becomes suppressed at higher iron
oxides loads. The inhibiting effect of iron addition on methanogenesis is most
pronounced in the slurries with this carbon load.
The results of the 0 C treatment clearly indicate that in Mediterranean sediments
organic carbon availability limits iron oxide reduction (Fig. 2). The slurries that
were amended with a little carbon showed higher rates for Fe reduction. However

Fig. 2: Production rates of dissolved Fe (II) (µmol l-1 d-1) in
Mediterranean slurries in relation to the load of reactive iron at different
additions of organic carbon. diamonds - no organic carbon added,
squares - addition of 0.16 µmol cm-3, triangles -addition of 6.6 µmol.cm-3

organic carbon.
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there was a large difference between duplicates causing large error bars. This
indicates that the process is only very minor. In the slurries with 4 times organic
carbon the difference was significant (p <0.005) with 0 C addition (Fig 2c). Iron
additions did not have any significant effect on Fe-reduction. Mn-oxide and sulfate
reduction were too low to detect.
The Grevelingen slurry set is based on a pilot experiment and is not as elaborate as
for the other two sites; however, it is illustrative and complements the other
experiments (Fig.3). Iron-oxide reduction rates are low with no carbon additions
irrespective of the addition of Fe-oxides. Fe-oxide and Mn-oxide reduction rates
increase with carbon addition, with ~ 1200 µmol l-1 d-1 in the slurry with the largest
iron-oxide and carbon addition. Methanogenesis is very low for the treatments with
low organic carbon.

3.4.2. Vmax and Km

The metal oxide reduction rates versus Fe-loading date have been modelled using a
Monod-type of equation to derive Vmax and Km of iron reducing communities
(Van Bodegom and Scholten 2001, Liu et al. 2001).The Vmax of the iron reduction
by the total community in the freshwater and Mediterranean sediments has been
calculated for each set of organic carbon loads. Vmax represents the maximal iron
reduction rates and Km values indicate the affinity of the microbes for the
substrate (iron oxides). Vmax has been calculated for Feasc (Table 2a) as well as Fedith

(Table 2b). As expected values did not differ significantly. For the Appels slurries
with 4 times additional carbon the data from the first part (59 to 69 µmol Fe g-1)
has been used.

Fig. 3: Production rates (µmol l-1 d-1) in estuarine slurries in relation to
the load of reactive iron and organic carbon added. Left y-axis: reduced
Mn ,CH4, right y-axis: reduced Fe, CO2. 6;0 stand for load of reactive
iron is 6 µmol.g-1 and 0 µmol cm-3 organic carbon is added.
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Vmax values of freshwater slurries with 0 and 4 times additional carbon are similar.
The values of 8 times organic carbon treatment are much higher, but this is due to
outliners at highest iron addition (Fig 1c). If these extreme values are left out of the
non-linear regression analysis Vmax values are rather similar for all treatments (2.3-
5.6 x 10-5 mol m-3 sec-1) (Table 2a). Averaging iron-oxide reduction rates of high Fe
addition treatments can also approximate maximum iron reduction rates (Vmax).
This is based on the implicit assumption that Km is smaller than added iron
concentrations. These approximate Vmax values based on the two highest additions
are similar (1.8 – 3.5 x 10-5 mol m-2 sec-1) to Vmax values based on the Monod-
equation

Table 2a. Vmax and Km values of freshwater and Mediterranean slurries calculated with Feasc

loads. Vmax average rates refers to Vmax calculations based on the 4 slurries with the highest
iron additions.

Site Analyte C-load N Vmax

(10-5 mol m-3 s-1)

R2 Vmax average rates

(10-5 mol m-3 s-1)

Appels Fe 0 40 3.9 ± 1.2 0.11 1.85 ± 0.75

Appels Fe 4 12 2.2 ± 2.1 0.18 1.75 ± 0.12

Appels Fecorr 8 14 5.6 ± 3.7 0.46 3.5 ± 1.21

Medit. Fe 0 6 2.65.10-1

Medit. Fe 0.1 16 1.23 3.18.10-3 ± 1.0

Medit. Fe 4 16 3.82 1.53x10-2 ± 2.0

Table 2b. Vmax and Km values of freshwater and Mediterranean slurries calculated with
Fedith loads.

Site Analyte C-load N Vmax

(10-5 mol m-3 s-1)

R2

Appels Fe 0 40 4.1 ± 1.6 0.18

Appels Fe 4 12 1.57 ± 1.4 0.18

Appels Fe corr 8 14 4.5 ± 3.7 0.27

Medit. Fe 0 6 8.4.10-2

Medit. Fe 0.1 16 5.3x10-1

Medit. Fe 4 16 1.3

The Mediterranean slurries did show higher Vmax values with increasing organic
carbon loads: 0.26 x 10-5 (mol m-2 sec-) at 0 C, 1.2 x 10-5 (mol m-2 sec-) at 0.1 C and
3.8 x 10-5 (mol m-2 sec-1) at 4C. In this sediment the iron oxide reduction rate is
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clearly affected by organic carbon addition and by iron addition. Vmax values for the
Mediterranean started at lower values than the Vmax of Appels, but gradually
reached levels that were similar to those at Appels. This suggests that in
Mediterranean sediments the iron oxide reduction capacity of the ambient bacterial
community is primarily linked to organic carbon availability.
Km values for Appels slurries were estimated from figures and were all below 75
µmol Fe g-1. Km value of Mediterranean slurries were all below 30 µmol Fe g-1.

3.4.3. Relative importance in mineralization

Measured reduction and production rates can be used to calculate the relative
importance of the different pathways in the mineralization of the organic matter.
For these calculations traditional stoichiometry (Froelich et al. 1978) has been used
where one mole of electron acceptor is reduced, 0.25 Fe (II), 0.45 Mn (II), 1 CH4

and 2 SO4 mol of CO2 produced. In the absence of oxygen and nitrate the total
sum of these estimates should be equal to the measured ΣCO2 production.
 In the Appels slurries with no carbon addition iron oxide reduction is the most
important pathway in the anaerobic mineralization (15-244 % of ΣCO2 production,
median 68 %). With addition of organic carbon the relative role of iron becomes
smaller (11-143 %, median 46 % for 4 C treatment and 11-92%, median 18 % for
8C treatment). Besides, methanogenesis becomes more important. However, the
percentage of methanogenesis in mineralization decreases on iron addition (Fig. 4)
indicative of a competitive inhibition of methanogenesis by iron reducing bacteria.
In the Mediterranean slurries mineralization rates were rather low and iron-oxide
reduction was not a major pathway of mineralization, accounting for 0.3 ± 0.5 %

Fig. 4. Importance of methanogenesis in mineralization (%) in
freshwater sediments in relation to the load of reactive iron (Feasc µmol
g-1), for different amounts of organic carbon addition: o org C – circles,
4 org C - triangles, 8 org c – squares.
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of the mineralization at the highest carbon additions. Similarly the other anaerobic
degradation pathways at the highest carbon additions are also rather low: Mn 0.3 ±
0.5 %, SO4 3.0 ± 5.9 and CH4 0.3 ± 0.6 %.
In the Grevelingen slurries iron oxide reduction becomes relatively more important
with higher carbon additions (from 0.6 to 13 %), partly at the expense of Mn-oxide
reduction (highest value 2.5 %, lowest value 0.5 % of total mineralization). These
two processes almost account for up to 13 % of the initial mineralization at the
highest carbon loads. Importance of methanogenesis was neglectable (0.02-0.3
%).Thus indicating a relatively large role for the other processes. This may be either
aerobic mineralization for the treatments without carbon addition because the
aerobic sediment toplayer was included in the slurries, however this layer is very
small and O2 should be depleted very quickly. A more probable cause is enhanced
sulphate reduction for the treatments with carbon addition, and side reactions
resulting in lower dissolved Fe (II) analyses for treatments with and without carbon
addition.

3.5. Discussion

3.5.1. Methodological

Amorphous iron oxides were used for reasons of consistency and comparability
with previous studies. Munch and Ottow 1980have reported the preferential
reduction of amorphous to crystalline iron oxides. Similarly Lovley and Phillips
1986 showed that the reduction rate of amorphous iron-oxide is much higher than
the rate of hematite reduction. Energy gain and the efficiency of dissimilatory iron
oxide reduction varies highly with the type of iron oxides that is reduced (Froelich
et al. 1978, Lovley 1991, Thamdrup 2000). It will be clear that in order to compare
experimental results it is necessary to use the same type of iron oxides.
Glucose was used as an additional source of organic carbon because a wide range
of bacteria can use this carbohydrate. Lovley and Phillips 1986 showed the
capability of iron reducing bacteria to use glucose as an electron donor, although
the addition of acetate promoted amorphous iron reduction more. King and Garey
1999 also showed that glucose could be used as an electron donor in slurries with
freshly precipitated iron oxides, glucose and plant roots (1143 µmol l-1 d-1 Fe-oxide
reduction after lag-phase). More recently Coates et al. 1998, found an anaerobic
metabolism for the complete oxidation of glucose with Fe (III) as the sole electron
acceptor. It will be clear that not only iron reducing bacteria but also other bacteria
may be stimulated by glucose addition. Lovley and Phillips 1989, showed that the
complete oxidation of glucose in Fe (III) reducing sediments requires a consortium
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of bacteria consisting of fermentative and Fe (II) reducing bacteria. As we used
natural sediments we can assume both groups to be present. Using glucose
ascertains a quick response of the microbial community to the enhanced C-load. In
a pilot study with Grevelingen sediment we have also used cellulose as an organic
source in one slurry. This resulted in a similar response though ΣCO2 increased
after a lag-phase because of the complex structure of cellulose.
In the Appels slurries the measured Mn dissolution was probably due to the co-
release of Mn upon iron oxide reduction. However the exact amount of released
Mn was difficult to estimate because Mn is probably adsorbed on the clay particles
(Canfield et al. 1993b).

3.5.2. Iron oxide reduction rates

Iron-oxide reduction rates are rather high for Appels (1000 -10000 µmol l-1, Fig 1)
intermediate for Grevelingen (10-1200 µmol l-1 d-1, Fig 3) and very low for most
Mediterranean slurries (0.08 – 22 µmol l-1 d-1, Fig 2). The reduction rates measured
in Appels and Grevelingen slurries are comparable to reduction rates found by
other researchers using cultured bacteria or sediment slurries. Glucose enriched
estuarine sediments had initial iron oxide reduction rates of ca. 800 µmol l-1 d-1

(Lovley and Phillips 1986). They also enriched tidal river sediments with glucose
and obtained Fe-oxide reduction rates (9090 µmol l-1 d-1) comparable to our
highest rates in the Appels sediments. Both enrichments of Lovley and Phillips
1986 were amended with amorphous iron oxides. Observed rates in Appels slurries
are higher than those found by Kostka et al. 1999a for Fe (III) to Fe (II) reduction
in smectite (1371 µmol l-1 d-1). They measured the Fe (II) production in HCl
extracts from cultured anaerobic bacteria in a minimal medium with addition of
clay mineral as the sole electron acceptor. Dobbin et al. 1999 found intermediate
values (~ 3200 µmol l-1 d-1) in an anaerobic batch culture of the freshwater
bacterium Clostridium bejerinckii using 50 mM Fe (II) citrate and 50 mM glucose. At
the start of our freshwater slurry incubations iron concentrations were 19-72 mM
and glucose concentrations were 0.27-2.5 mM (glucose molecule structure
C6H12O6). Van der Nat and Middelburg 1998 reported an iron-oxide reduction rate
of ca. 370 µmol l-1 d-1 for unvegetated freshwater sediments. Their rate was
estimated from measured in situ CO2 production and methanogenesis, assuming
that iron (III) reduction was the only other mineralization process. These results
indicate that rates of iron-oxide reduction vary, due to iron and organic carbon
availability.
Iron oxide reduction rates and Vmax values are subject to over and under
estimation. Values can be overestimated if Fe (II) is not only produced by iron-
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oxide respiring bacteria but also by (chemical) reduction coupled to re-oxidation of
reduced inorganic components. However, the latter would not be expected in
freshwater slurries because no major pools of reduced components are available to
reduce iron.
Iron oxide reduction rates and Vmax can be underestimated if Fe (II) is precipitated
(Berner 1970), sorbed on to particles or bacterial cells (Roden and Zachara 1996,
Kostka et al. 1999a, Liu et al. 2001) or re-oxidized and then removed through
precipitation (Postma 1985, Widdel et al. 1993, Murase and Kimura 1997, Postma
and Appelo 2000).
Van Bodegom and Scholten 2001 found Vmax values of iron oxide reduction in a
rice paddy soil of 5.10-4 mol m-3 s-1. They stated that this value was in the same
range as values they derived from data in the literature (Lovley and Phillips 1986,
Lovley and Phillips 1987, Lovley and Phillips 1988, Achtnich et al. 1995, and Roy
et al. 1997). The Vmax values for Appels (2.4 - 5.6 10-5 mol m-3 s-1) and at highest
carbon loading in the Mediterranean (3.8.10-5 mol m-3 s-1) are about 10 times lower
than those estimated by van Bodegom and Scholten 2001.
Vmax values in these freshwater slurries did not change significantly at higher
organic carbon loads. This indicates that organic C is not limiting iron oxide
reduction in these sediments. In contrast, V max values of Mediterranean samples
increased after large organic carbon addition, Vmax values approaching those of the
freshwater sediments. This indicates that biogeochemical models should take into
account at least two factors limiting iron oxide reduction rate in sediments. The
incorporation of this carbon and Fe-oxide co-limitation of iron oxide reduction is
usually done through a double Michaelis-Menten equation or a combined equation
such as those used by van Bodegom and Scholten 2001 and Wijsman et al. 2002.
Km values indicate the affinity of the microbial community for a substrate. Our
Km values are not very well constrained but less than 75 µmol g-1.The upper limit
values are consistent with those van Bodegom and Scholten 2001 estimated from
literature (61 mol.m-3 H2O = 24 µmol g sediment-1 assuming a dry density of 2.5 g
cm-3) and those adopted by Meysman 2001 (20 µmol g-1). Both their Km values
were estimated whereas our values are experimentally determined, therefore some
difference may exist.
The total carbon dioxide production estimated from stoichiometry and electron
acceptor use is quite comparable to measured ΣCO2 production (range 8-244%
with a median of 55%) The values do not correspond exactly due neglect of
denitrification, accumulation of errors, discrepancies between the calculated Fe (II)
and the actual Fe (II) and the neglect of Mn (II) adsorption. Although Mn-oxide
reduction can be important in some sediments (Canfield et al. 1993b, Thamdrup
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and Canfield 1996, Van der Zee 2002) it is likely not important in these sediments
because concentrations of Mn-oxides are very low (Appels 5.8 µmol Mn g-1,
Mediterranean 7.2 µmol Mn g-1).

3.5.3. Factors limiting iron oxide reduction

Iron oxide reduction in Mediterranean sediments is primarily limited by the lack of
degradable organic carbon. The Mediterranean sediments have very low organic
carbon concentration, 0.1 mgC m-2, and the organic material is already highly
degraded (Dauwe et al. 1999). This is also reflected in a low mineralization rate
(0.45 mol m-2 yr-1 total profile Moodley, L. personal communication; 0.56 mol m-2

yr-1 above sapropel S1, this thesis Chapter 5). Addition of organic carbon did not
clearly indicate whether iron oxide availability is sufficient to result in significant
iron oxide reduction provided higher carbon availability. Dithionite extractable
iron-oxide concentration is not much lower in the Mediterranean sediment than in
Appels (Table 1, Passier and De Lange 1998). However, the concentration of
ascorbate extractable iron and reactivity of iron oxides in the Mediterranean
sediments is very low (Chapter 2). An enhancement of iron oxide reduction rate
without simultaneous addition of iron oxides and organic carbon therefore is not
very likely.
Vmax values indicate that the potential of the iron oxide reducing community in
Mediterranean sediment is similar to that of the iron-oxide reducing community in
the freshwater sediment provided sufficient degradable organic carbon and reactive
iron are available. However, observed rates are lower than those in Appels
sediments. Since there is hardly any iron oxide reduction in the natural sediment
(Chapter 5) there is likely no large active iron reducing population present at the
start of the incubations. Incubation times were short with the consequence that
there also was no time for significant build up of an iron reducing population and
final rates were still much lower than those of Appels are. We do not have any
counts on bacterial numbers to confirm this. van Bodegom and Scholten 2001
explained the lag-phase in their model by the presence of other more favourable
electron acceptors which are used before iron reduction starts. As we used the
aerobic part of the sediment this could be another reason though nitrate
concentrations are low (~ 3 - 21 µmol l-1, Slomp personal communication) and
Mn-oxide reduction rates were measured to be low. Longer incubation times could
have overcome both problems. However, results would not have been
representative for the bacterial community active in the sediments.
Iron oxide reduction in Appels sediments is evidently limited by the availability of
reducible iron, because Fe-oxide addition results in a clear increase (Fig. 1a to 1c).
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Kostka et al. 1999a described the capability of an iron reducing bacterium,
Shewanella putrefaciens, to couple Fe (III) -reduction in clay minerals to organic
carbon oxidation. Those experiments were done with pure bacterial cultures and
with clay minerals as the sole electron acceptors. In contrast, our experiments were
conducted with natural sediments including the whole microbial community and
other electron acceptors. Ernstsen et al. 1998 showed that the structural Fe (III)
reduction in clay depends on the clay particle size (hence surface area) and the
initial structural Fe (II) clay content. Addition of the amorphous iron oxides may
increase iron oxide reduction rates because of an increase in surface area and thus
the reaction sites. Roden and Zachara 1996 and Urrutia et al. 1998, determined the
surface area to be the rate governing characteristic of iron oxides. An iron oxide
surface control of iron oxide reduction is consistent with similar Vmax values for all
3 carbon loads in Appels sediments and the highest carbon load in Mediterranean
sediments.
Iron-oxide reduction in Grevelingen sediments is limited by organic carbon and
probably by iron oxides as well. Iron reduction rates increase with addition of iron.
In particular if carbon is added as well. The limited increase in iron oxide reduction
if only iron oxides are added indicates the limitation of organic carbon. The lack of
further increases in iron-oxide reduction rates upon iron addition at high carbon
availability indicates that availability of iron oxides may also play a role. As natural
sediments are very heterogeneous on temporal as well as small spatial scale the
actual limiting factor can be variable. Based on other studies we expect SO4

reduction to be the most important mineralization process in these marine
sediment slurries (e.g. Jorgensen 1982, Canfield et al. 1993b, Moeslund et al. 1994).
Although we did not measure sulphate reduction, the sediment in the org C
amended slurries turned grey after some time. The high iron-oxide or low carbon
amended slurries showed this change after a longer time, indicating a retarding
effect on the shift to sulphate reduction as the dominant mineralization pathway.
King 1990 also found that the addition of Fe-oxide can lower sulphate reduction
with 47%.

3.5.4. Changes in mineralization pathways

In natural sediments changes in mineralization pathways will primarily occur due to
the changes in the organic carbon loading. Higher supply of organic carbon to the
sediment will cause a shift to a relatively higher importance of anaerobic
mineralization (Heip et al. 1995). The conditions at the start of the experiment
determine the impact of the induced changes and the final dominant pathway in
the sediment.
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Chances in mineralization pathways as a function of carbon loading are presented
schematically in Fig. 5 (based on Monte-Carlo type numerical simulation of
Wijsman et al. 2002). The total mineralization rate in a sediment is an indication of
the input of degradable organic carbon. This figure visualises the shifts observed in
the slurries due to addition of iron oxides and / or organic carbon. The precise
carbon loading at which a particular mineralization pathway becomes important or
the maximum relative contribution will clearly depend on numerous factors
(Soetaert et al. 1996) but all sediments are subject to the same set of factors that
play a role in the mineralization pathways.
Mediterranean sediments have low carbon loading and the anaerobic pathways are
not important in these sediments (Pruysers et al. 1991, Passier and De Lange 1998,
Dauwe et al. 1999, Thomson et al. 1999). Addition of organic carbon was not
sufficient to shift the process to a higher importance of the anaerobic processes.
Clearly conditions in these sediments were far away from those for optimal iron
reduction.
The Grevelingen sediment had intermediate ΣCO2 production. Addition of carbon
results in enhanced iron oxide reduction and iron-oxide reduction rates approach
those of freshwater Appels sediment. The sediment is on the brink of those
conditions optimal for dominance of iron reduction. An additional input of labile
carbon (e.g. spring bloom) may be sufficient to shift the sediment towards the
domain where iron reduction prevails. If the carbon delivery is accompanied with
delivery of reactive iron oxides the peak may become broader and iron reduction
can account for a higher part of the total mineralization. The Grevelingen slurries

Fig. 5. Changes in mineralization pathways (% in total mineralization) as
a function of carbon loading (µmol C cm-2 yr-1), based on numerical
simulation of Wijsman et al 2002. Oxic mineralization - solid circles,
nitrification - open triangles, Mn-oxide reduction - solid triangles, Fe-
oxide reduction - open diamonds, Sulfate reduction - open circles,
methanogenesis - solid squares.
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are the only ones where analysed dissolved Mn (II) production really results from
Mn-reduction and not from dissolution of the added iron oxides, because the Mn
(II) concentration is higher than can be accounted for by iron-oxide dissolution
only. In figure 5 can be seen that this supports the idea of carbon limitation in
these slurries.
Mineralization rates in Appels sediments were highest of all and iron oxide
reduction is already an important pathway in the natural sediment (74 % of total
mineralization, Chapter 3). Roden and Wetzel 1996 reported an important role of
iron oxide reduction for organic carbon mineralization in freshwater sediments.
Addition of iron nevertheless results in a higher reduction and mineralization rate
at the expense of methanogenesis. The sediment is capable of even higher iron
oxide reduction without changes in organic carbon load. This can only happen if
the sediment is in the optimal situation for iron-oxide reduction. The addition of
organic carbon shifts the system past these conditions resulting in iron reduction
becoming less important and increasing importance of methanogenesis. In this
situation the addition of Fe-oxides shifts the system “backwards” to the more
optimal conditions, resulting in an increasing importance of iron reduction and the
observed inhibition of methanogenesis.
Methanogenesis in Appels sediment was stimulated when carbon was added, but
this increase was limited if iron oxide was added as well. This may indicate that iron
oxide reduction inhibits methanogenesis because of the competition for acetate or
H2 (Achtnich et al. 1995, Kruger et al. 2001). The Fe-reducing bacteria are clearly
able to compete with the methanogenic bacteria as has already been reported for
tidal river sediments (Lovley and Phillips 1986, Lovley and Phillips E.J.P. 1987).
Moreover it has also been found in a number of other sediments for example in an
anoxic paddy soil, (Achtnich et al. 1995), in rice fields (Frenzel et al. 1999, Kruger
et al. 2001), and in tidal freshwater sediment along the Scheldt river (Van der Nat
and Middelburg 1998).

3.6. Conclusions

The factors limiting iron reduction depend on the characteristics of the sediments.
The effects of iron and carbon addition also depend on the initial state. The
position of the sediments in the "mineralization-sequence" determines the effect of
additional inputs on the pathways. The Mediterranean sediments are aerobic and
addition of organic carbon or iron moves the sediment a little towards conditions
more favourable for iron reduction. In contrast, the freshwater sediment is at the
optimal conditions for iron reduction already, the addition of organic carbon
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moves the processes towards methanogenesis. Maximal Vmax values can be reached
as soon as sufficient degradable organic carbon is available. However realised iron
reduction rates depend on the concentration of reducible iron oxides.


