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 2. A comparison of iron oxide reactivity within
and between aquatic sediments

Imola Ferro, Jack J. Middelburg, Caroline P. Slomp, Ralf R. Haese

2.1. Abstract

The reactivity of sedimentary iron oxide is usually characterised by the size of
various operationally defined iron pools. These different iron pools partly overlap,
cover a large range of reactivities, and are affected by various sediment properties.
We used a kinetic method (Postma 1993) in which iron oxide reactivity is
represented as a reactive continuum, and compare results of a freshwater, an
estuarine and a deep-sea sediment to traditional, single-step extraction results.
Depth profiles were derived using both approaches. The traditional extraction
methods have sufficient resolving power to reveal concentration differences of
reactive iron oxides between samples from deep-sea, estuarine and freshwater
sediments, but result in homogeneous depth profiles for iron oxide composition in
the latter two sediments. The reactive continuum approach resulted in
heterogeneous depth profiles of initial iron oxide reactivity and reactivity
distribution for estuarine and freshwater sediments, thereby revealing differences in
iron oxide composition. Due to low concentrations of reactive iron oxides the
reactive continuum approach was not applicable in deep-sea sediments. Reactivities
were independent of sediment surface area and the load of reactive iron oxides.

2.2. Introduction

In aquatic sediments bacteria degrade organic matter. In the first stage of
degradation this is done aerobically, with oxygen as electron acceptor. When all
oxygen is depleted anaerobic respiration starts, with mineralization processes
occurring in the following order: nitrification, manganese oxide reduction, iron
oxide reduction, sulphate reduction and methanogenesis. Both aerobic and
anaerobic degradation pathways have intensively been studied (e.g. Canfield et al.
1993a, Canfield et al. 1993b, Kristensen and Holmer 2001, Jorgensen 1977,
Thamdrup et al. 1994a, Roden and Edmonds 1997, Thamdrup 2000).
For iron- and manganese oxides, both solid-phase electron acceptors, sediment
characteristics such as organic carbon concentration, pool size and the degree of
sediment disturbance (e.g. bioturbation by benthic fauna) are important factors
determining the relative importance of the corresponding degradation pathways
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(Soetaert et al. 1996, Wijsman et al. 2002, Aller 1990, Canfield 1994). Physical or
biological reworking may enhance sediment-water exchange and increase recycling
of both oxides (Aller 1994b, Aller 1990, Mulsow et al. 1998, Kristensen 2000).
Furthermore, particle mixing is important to replenish the electron acceptors at the
depth of reduction, which is of limited importance for dissolved electron acceptors
such as nitrate or sulfate. Therefore, in sediments with a high bioturbation iron-
and manganese oxide reduction can be important mineralization pathways. For
example, Canfield et al. 1993a reported a contribution of iron oxide reduction of
71-84 % to the total decomposition of organic matter in some Skagerrak
sediments. However, in another Skagerrak sediment the high manganese-oxide
concentration and the high biodiffusion coefficient results in organic mater
degradation completely performed via dissimilatory manganese reduction. An
important role for manganese oxide reduction due to bioturbation has been
reported as well for the sediment along the continental margin of Chile (Thamdrup
and Canfield 1996) and sediments of Long Island Sound (Aller 1994b). Thamdrup
et al. 1994a reported smaller contributions of iron and manganese oxide reduction
to total mineralization for Aarhus Bay than for Skagerrak sediment due to the
smaller rate of bioturbation.
The relative importance of iron oxide reduction in anaerobic degradation of
organic matter depends not only on the above-mentioned factors (organic carbon
loading, availability of other electron acceptors), but also on the size and
characteristics (i.e. reactivity) of the sedimentary iron pool (Postma and Jakobsen
1996, Jakobsen and Postma 1999). Sedimentary iron oxides form a heterogeneous
group of minerals with different structures and reactivities (Canfield 1989, Postma
1993, Burdige 1993). The structures and reactivities range from amorphous and
very reactive (e.g. freshly precipitated iron oxides) to crystalline and nearly inert for
aged iron oxides.
Sedimentary iron oxides originate from two major sources. They are either external
and include detrital and those formed in the water column (hydrogenous iron
oxides), or they are newly formed in the sediments (diagenetic). This distinction has
consequences for their reactivity (Haese et al. 2000).
The external iron oxide input, i.e. detrital iron oxides, results from settling particles.
They may originate either from the adjacent land (recycled from rocks or formed
during weathering) or were formed during riverine and marine transport.
Moreover, they may also originate from re-suspension of nearby or distal
sediments. Because of this variety of possible iron oxide inputs, it is very likely that
detrital iron oxides vary in chemical composition, grainsize and crystalinity and
therefore also in reactivity.
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The formation of iron oxides within sediments results in a pool of diagenetic iron
oxides. These oxides are formed by (re)-oxidation of sedimentary Fe (II). The
freshly formed iron oxides are less crystalline and therefore have a higher initial
reactivity than older, more crystalline, oxides (Larsen and Postma 2001). Iron oxide
formation and precipitation occurs upon chemical or microbiological oxidation of
Fe (II), with O2, nitrate or Mn-oxides (Postma 1985, Aller 1990, Luther et al. 1997,
Sobolev and Roden 2001). The oxidation process may result in an iron-rich layer in
the sediment occurring just above the reduced dissolved iron peak, where initial
iron oxide reactivity is expected to be higher than in the rest of the profiles.
Iron-enriched layers have been observed in many sediments e.g. Black Sea
sediment (Thamdrup et al. 2000, Wijsman et al. 2001c, Wijsman et al. 2001b),
Skagerrak sediments (Canfield et al. 1993b), North Sea sediments (Slomp et al.
1996), sediments from the Mediterranean Sea (DeLange et al. 1989, Pruysers et al.
1993), Atlantic sediments (Wilson et al. 1986) and salt marsh sediments (Kostka
and Luther 1994, Luther et al. 1992).
The reactivity and distribution of sedimentary iron oxides are usually based on
extractions with different leachants (Canfield 1989). Iron-oxide pools can be
defined on an operational basis, separating pools e.g. of amorphous iron oxides,
AVS, and crystalline Fe (III) oxides. However, application of these extractions to
study the reactivity of iron oxides within and between sediments is not
straightforward. Leachants do not extract specific minerals. Iron may be released
from a variety of phases during one extraction. Moreover, these operationally
defined iron extractions result in data which are dependent on the sediment grain
size (Munch J.C. and Ottow 1980). Therefore, the operationally defined extractions
do not provide a quantification of iron oxide reactivity by means of a rate constant,
but a quantity of a potentially reactive fraction of the total sediment. As an
alternative, iron oxide reactivity has been proposed to be regarded as a continuum,
which leads to an operationally kinetic approach (Postma 1993).
Since the reactivity of iron oxides may determine the rate of iron oxide reduction
(Postma and Jakobsen 1996, Jakobsen and Postma 1999), this implies that iron
oxide reactivity may have an important influence on the competition of organic
matter degradation pathways. Consequently, the determination of rate constants
for iron reduction in various environments may help to understand the controls on
microbial pathways. Postma 1993 presented an approach to quantify the reactivity
of iron oxides and that allows a comparison of iron oxide reactivity within and
between sediments. It involves an extraction of iron oxides with an ascorbic acid
solution and measurement of the release of iron as a function of time. The iron
release with time curve is interpreted with a reactive continuum approach allowing
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calculation of the iron oxide reactivity distribution and initial reactivity. A more
detailed description of the approach is given below.
Here, we apply the reactive continuum approach to sediments from freshwater,
subtidal coastal and deep sea environments differing in grain size, organic carbon
and iron oxide concentrations. Iron oxide characterisations based on the traditional
extraction approach are compared with those based on the reactive continuum
approach.

2.3. Materials en Methods

2.3.1. Sites

Sediment was collected at a tidal freshwater site, two subtidal saline sites and two
deep-sea stations (Table 1). Sediments were collected by box coring unless
indicated otherwise. Appels, the tidal freshwater site is in the tidal reach of the
Scheldt River. Cores were taken manually during low tide. Porewater
measurements result from samples taken in October 1998, extraction data result
from samples taken in June 2000. No microelectrode results are available. The two
subtidal estuarine sites are situated in Lake Grevelingen (The Netherlands):
Vliegertje and Geul. These sites were sampled three times: in February 1999
microelectrode and porewater profiles were measured, while cores taken in April
1999 were used for extractions and the kinetic approach as well as those taken in
June 2000. The deep-sea sites are located in the Eastern Mediterranean Sea:
Florence Rise and Eratosthenes Seamount. Samples were taken by box coring and
multi-coring during a cruise with R.V. Logachev in August-September 1999.

2.3.2. Suspended particulate matter

At the intertidal station Appels, sediment suspended and deposited during high tide
periods was collected with cylindrical traps dug in the sediment. This material
includes the bed load and will therefore be more similar to the sediment than if
only suspended particulate matter would have been collected. For sake of simplicity
we call this fraction suspended particulate matter. Sediment trapped in cores higher
on the flat are presented as –0.75 cm, while the sediment trapped in cores situated
in the lower flat are at –0.25 cm in the depth profiles. In Lake Grevelingen
suspended particulate matter was collected in July 2000, on Teflon sheets by
continuous flow centrifugation (see Middelburg and Nieuwenhuize 1998). The
material was divided in size / density fractions that were separated by position on
the collection sheet. For our analyses we used three operationally defined fractions,
a light fraction which is composed of fine small sized particles, an intermediate
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fraction and a heavy fraction which is composed of coarse more sandy material
(Vliegertje only middle and light). Differences among the size / density fractions (3
in Geul, 2 in Vliegertje) may give additional qualitative information (e.g.
Middelburg and Nieuwenhuize 1998). Hereafter we will refer to the different
fractions as fine, middle and coarse for the light, intermediate and heavy fraction
respectively.

2.3.3. Sediment characteristics

Total organic carbon was determined on freeze-dried and powdered sediment.
Samples were combusted in a Carlo Erba Elemental Analyser NA-1500 after
removal of carbonate with HCl in silver cups (Nieuwenhuize et al. 1994). Sediment
specific surface area was measured on a surface area analyser (Quantachroom nova
3000 series) according to BET multipoint theory and using N2 5.0 as adsorbent.
Sediment grainsize spectrum was determined using a Malvern Particle sizer 3600-
EC with laser diffraction.

Table 1.Characteristics and co-ordinates of sample sites.

Co-ordinates Depth
(m)

Salinity BET-N2
specific

surface area
(m-2 g-1)

Median
grain size

(µm)

Organic
carbon
(wt %)

Organic
carbon
(wt %)

Appels 51.02.43 N
04.05.37 E

0 0.7 4.8 63.5 2.29 2.48 a

Vliegertje 51.45.78 N
03.58.47 E

3 28 2.1-0.9 334 0.18 10.5 a,
12.3 a

Geul 51.44.22 N
03.58.13 E

13.5 28 1.4-1.1 210 0.31 6.9 a,
7.7 a,
2.9 a

Florence
Rise

34.47.17 N
31.31.38 E

2300 38 25-40 Na 0.4 2.5 b

Eratosthenes
Seamount

33.45.04 N
32.50.41 E

970 38 Na Na 0.27 1.3 b

a Organic carbon content of suspended particulate matter. At the Appels site this is
the sediment collected in the sediment traps. Values at Vliegertje are for the fine and
middle fraction respectively, at Geul values are for the fine, middle and coarse fraction.
b Organic carbon content of the sapropel S1.
Na = not available



✕!

✩
✄❋❘�

❙❉�❘◗✄❘�✄�❘◗✄❘��❍✄❍❉❋��✄
�❑�◗✄❉◗�✄❊❍

❍❍◗✄❉❚❉�❋✄❍���
❍◗

2.3.4. Sampling & slicing

Sediments were (sub)sampled with Plexiglas cores. After sampling cores were cut
in appropriate slices (0.25 - 4 cm thickness). These were put in gastight plastic bags,
flushed with nitrogen, sealed and kept at 4oC until further handling, i.e. porewater
collection or solid phase extraction. Parallel samples were freeze dried for
determination of water content and for use in total destruction. Porosity was
calculated from water content assuming a sediment dry density of 2.5 g cm-3.
Concentrations of dissolved Fe (II) and dissolved Mn (II) were measured in
porewater collected from the sliced profiles. To this end the bags were transferred
into an anaerobic chamber (Coy Laboratory Products) filled with > 97 % N2 and <
3% H2. Sediment of Appels was transferred to tubes and centrifuged (for 15-30
minutes at ~ 355 G). A modification of the system for sandy sediments (Saager et
al. 1990) was used for porewater collection in Vliegertje (15 min, at 355 G), these
samples were taken February 1999. No porewater was collected in Geul sediments.
After centrifugation, porewater was filtered over a 0.45 µm cellulose-acetate filter
and a 2 ml portion was put in headspace vials, capped and acidified with 0.1 ml 20
% H2SO4.
Porewater collection of the Mediterranean sediments was as follows. Subcores
were sliced at in-situ temperature (13°C) in a nitrogen-filled glovebox immediately
after collection. Porewater was collected by centrifugation of sediment in
disposable polypropylene tubes (15 min., 4400 G) and subsequent filtration of the
overlying water (Acrodisc polysulfone filters, 0.2 µm). All pore water samples were
split into several portions under nitrogen. Sub-samples for Fe and Mn analyses
were acidified to pH 1 (with 12 M HCl).

2.3.5. Solid-phase extractions

A number of extractions were used to characterise the pools of iron oxides.
Ascorbate extractions were performed in an anaerobic chamber (Coy Laboratory
Products) filled with > 97 % N2 and < 3 % H2.
The pool of easy reducible Fe (III) oxides (Feasc) 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). The 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.
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Dithionite extractable iron (Fedith) is known to comprise amorphous iron (III)
oxides, crystalline iron (III) oxides and the pool of iron bound to acid volatile
sulfides (FeS) (Canfield 1989). Leachant (5 ml, 0.35 M acetic acid/0.2M Na-citrate
solution 50 g l-1 dithionite) was added to ca. 0.3 gwet sediment. After 2 hours
shaking, samples were filtered over a 0.45 µm filter (cellulose-acetate) and the
filtrate was acidified with 0.1 ml 6 N HCl / ml filtrate.
The pool of total sediment iron (Fetotal) was measured in freeze-dried and
powdered sediment. The method used HNO3/HCl as destructant, a microwave for
high temperature and a pressure digester (Nieuwenhuize et al. 1991).

2.3.6. Analyses

The ferrozine method (Stookey 1970) was used to determine iron concentrations in
ascorbic acid, dithionite and kinetic extractions of Vliegertje 1999 and Geul 1999.
In all other samples, Fe, Mn and Al was analysed with an Inductively Coupled
Plasma – Optical Electron Spectrometry (ICP-OES) (Perkin-Elmer Optima 330
DV, using axial or radial views depending on concentration levels). Diluted pore
water samples (10x) of Mediterranean sediments were analysed for total Fe and Mn
in Utrecht using a Perkin Elmer 4100 ZL Zeeman AAS. All samples were analysed
in triplicate. Precision was generally better than 5% for Fe and 4% for Mn (Slomp
et al. 2002).
Pore water O2 and HS- were measured simultaneously with a gold amalgam
voltametric micro-electrode (Brendel and Luther 1995) inserted in whole cores
taken from the Mediterranean Sea and from Lake Grevelingen in February 1999.
An elaborate description of this method can be found in Brendel and Luther 1995
and Luther et al. 1998.

2.3.7. Kinetic approach

All kinetic experiments were also conducted in the anaerobic chamber. A 20 mM
anaerobic ascorbate solution (250 ml) was used and stirred continuously. Before
and directly after sediment addition a 4 ml slurry sample was taken with a syringe
and filtered (0.45 µm filter cellulose-acetate). More than 25 samples were taken
during each kinetic experiment lasting for about 4.5 hours, with 5 minute intervals
in the first hour and up to 30 minutes during the last hour. Iron concentration was
measured by either the ferrozine method or ICP-OES (see: Analyses). Postma 1993
showed that there should be excess ascorbate in order to ensure that all sorption
sites of iron oxides are occupied, so slight differences in ascorbate concentration or
sample weight are not expected to alter results. The total mass ( m0) of reactive
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iron oxides was determined by dithionite extraction of the same sediment samples.
The time evolution, during this extraction, of dissolved iron, normalised over the
total mass of reactive iron oxides, is the basis of the reactive continuum approach
(see Fig. 1 for an example).
The interpretation of the kinetic experimental data involves fitting the time
evolution of the solid phase iron fraction ( m m0 ) with eq. (1)

m
m

a
a t

v

0
=

+









 (1)

Where m  is the concentration of reactive iron (mol) at time t , m0 is the initial
concentration of reactive iron (mol) and a  and v  are curve fitting parameters that
have been derived by non-linear regression using STATISTICA.

Equation 1 is based on a Gamma type reactive continuum distribution (Boudreau
and Ruddick 1991) and can be rearranged (Postma 1993) to derive an expression
for the rate of iron-oxide reduction ( J , mol s-1) normalised to the initial
concentration of reactive iron, eq.(2).

Fig. 1: Time evolution of reactive iron disslution in an estuarine surface
sediment (Vliegertje, 0-0.25 cm depth)) during the ascorbate extraction

used in the reactive continuum approach. m m0  is the mass of solid
phase reactive iron oxides, normalised over the initial pool of solid phase
reactive iron oxides, that is left at time, t (seconds) of the extraction
period.
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Where the exponent ( 1 1+ v ) provides a measure of the degree of heterogeneity of
the oxides undergoing reduction and ( v a ) is an apparent rate constant for a
mixture. Eq. 2 is very similar to the general rate expression for dissolution of
minerals under constant solution composition (Christoffersen and Christoffersen
1976), eq. 3.

J
m

k
m
m

y

0 0
= ′ ⋅









 (3)

Where ′k is a pseudo initial rate constant and y  is an exponent.
Rate equations based on eq. 2 or 3 can be displayed in terms of -log J m0( ) vs. -
log m m0( ) . Such plots will result in straight lines with the slope corresponding to
( 1 1+ v ) or its equivalent y , and the intercept at -log m m0( )  equals the initial rate
constant ( v a ) or its equivalent ′k . This type of plots (Fig. 2) facilitates comparison
among sediments (Fig. 2a) and between sediments and pure minerals (Fig. 2b).

2.4. Results

2.4.1. Sediment properties

Sediment characteristics are summarised in Table 1. Appels is a tidal freshwater site
flooded twice a day, with fine sediments. The high organic carbon content is due to
the high organic carbon input by benthic algae and by particulate organic carbon
supplied from the river Scheldt and from the vegetated marsh adjacent to the flat.
The material collected in the sediment trap, likely reworked during flooding, had an
organic carbon concentration similar to that of the top 2 cm of the sediment
profile.
Both subtidal estuarine sites are located in Lake Grevelingen (The Netherlands).
Vliegertje is a sandy littoral site situated on a plain. The sediment has a low organic
carbon concentration. The BET-N2 surface area was only high in the thin top layer
and decreased to about 1 m2 g-1 at 0.25-0.5 cm. The site is prone to erosion and
little sediment accumulation occurs.
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Fig. 2a Fig. 2b

Fig. 2c-I Fig. 2c-II

Fig. 2c-III

Fig. 2: -log J m0 vs. –log m m0 , with values of the x-axis representing the
fraction of reactive iron oxides which are not dissolved normalised over the initial
pool of reactive iron oxides and the numbers on the y-axis indicate the change in
initial reactivity of the dissoluting iron oxide fractions during the extraction. a.
samples from Vliegertje (dotted lines), Geul (dashed-dotted lines), Appels (solid
lines). b. literature data from Postma (1993, data from two sandy sediments, a mud
sediment and ferrihydrite; all solid lines), Larsen & Postma (2001, all other pure
iron oxide data; dotted and dashed-dotted lines), Roden (2002, data from a surface
sediment; solid line). c. Depth profiles of ′k  (s-1) and y , I. Appels:. II. Vliegertje
and III. Geul: data 1999: ′k - open squares, y  - crosses , data 2000: ′k - open
circles, y  - open diamonds. Note the logarithmic scale for the ′k data.
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Geul is situated in a gully. The sediment grain size was significantly (p<0.05)
smaller than at Vliegertje due to focussing of fine material. Organic carbon content
was higher than for Vliegertje, with highest values upto 0.45 wt.% organic carbon
in the upper 0.75 cm. BET-N2 sediment surface decreased somewhat from the
surface layer to 2-2.5 cm depth. Unfortunately due to material shortage, we have
no BET-N2 data for deeper samples.
The suspended particulate collected at Geul and Vliegertje had different organic
carbon concentrations. Observations during collection indicated that the fine
fraction consisted mostly of algae, the middle fraction contained algae and fine
mud and the coarse fraction resembled the sediment.
The eastern Mediterranean sediments are hemi-pelagic muds. The Florence Rise
cores contained 40 cm of sediment, and included the most recent sapropel (S1). A
sapropel is an anaerobic, organic-rich layer intercalated in organic-poor sediments.
Sapropels contain high amounts of relatively undegraded biogenic material that was
deposited under conditions of increased surface ocean productivity and/or anoxic
bottomwater (e.g. Wehausen and Brumsack 1999, Rossignol-Strick et al. 1982,
Calvert et al. 1992). Sapropel S1 was formed between 6000 and 9500 BP (Mercone
et al. 2000). After deposition oxygen penetrated the sediment till the top of the
sapropel (De Lange et al. 1989, DeLange et al. 1989,Van Santvoort et al. 1996).
The reactive surface area of these sediments is much higher than that of the coastal
sediments. Organic carbon content was rather low and decreased downwards from
the top-layer to 0.2 wt. %. Sapropel S1 started at ca. 30 cm until the end of the
sampled profile. The position of the upper manganese oxide peak (profile not
shown) and observations during slicing, indicated that a 2-3 cm thick layer of burnt
down sapropel S1 (Van Santvoort et al. 1996, Mercone et al. 2000) overlies the
sapropel, where the penetrating oxygen has post-depositionally reduced the
sapropel organic matter.
The Eratosthenes Seamount site has similar sediment characteristics as those of
Florence Rise. The largest difference between the Florence Rise and Eratosthenes
Seamount sediment is the depth and thickness of the sapropel, which starts at ca.
25.5 cm in Eratosthenes Seamount and has a thickness of about 2.5 cm.
Observations during slicing indicate that a 3.5 cm thick layer of burnt down
sapropel S1 preceded the sapropel.

2.4.2. Porewater and iron extraction profiles

Dissolved porewater Fe (II) concentrations (Fig. 3) of Appels are rather uniform
(150-200 µM) throughout the profile, except for the top-layer (ca. 350 µM).
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Appels sediment has a high concentration of Feasc (71 to 186 µmol g-1). A large part
of the Feasc consists of Fe (II) and Fe (III) adsorbed on the clay particles as is
indicated by the large amounts of Fe (II) and Fe (III) which are released during a
HCl extraction. Feasc concentrations in the material collected in the sediment trap is
only slightly higher than in the profile.
Dithionite extractable iron basically showed the same pattern but with higher
values (101-356 µmol g-1). Total iron concentrations were about twice that of Fedith

and again the shape of the Fetotal profile is similar to those of Fedith and Feasc. Total
Fe concentration in the trapped sediment was similar to those in the bulk sediment.
Comparison with a total digestion method using HF indicated that about 15 % of
the iron in Appels is not extracted with the HCl/HNO3 method. This 15% likely
consists of silicate bound iron which is only completely liberated by using acid
mixtures including HF (see Middelburg 1991).
Results of Vliegertje and Geul are presented in Fig. 4 and Fig. 5 respectively.
Results for particulate matter are presented at depth above the sediment-water
interface with - 0.25, - 0.5 and - 0.75 cm corresponding to the coarse, middle and
fine material respectively.

Fig. 3: Appels profiles of dissolved (µmol l-1) and solid phase iron (µmol
g-1): dissolved Fe (II), October 1998 - open diamonds Feasc - solid
diamonds, Fedith - triangles, Fetotal - squares
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Fig 4a

Fig 4b

Fig 4c

Fig. 4. Vliegertje profiles. a. February 1999: O2 (µmol l-1) - squares, dissolved Fe (II) -
open diamonds (µmol l-1) b. Solid phase iron (µmol g-1) April 1999: Feasc - solid
diamonds, Fedith - triangles, Fetotal - squares (all three: µmol g-1). c. Solid phase iron
(µmol g-1) July 2000: Feasc - solid diamonds, Fedith - triangles, Fetotal - squares
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Dissolved Fe (II) is only available for Vliegertje and concentrations vary from 7 -
32 µM with a maximum at 1-3 cm. Vliegertje profile shows the effects of advective
porewater flow, characterised by the gradual decrease in O2 in the surface
sediment. The O2 decrease starts after 0.3 cm and O2 penetrates till ~ 1 cm. O2

concentrations in the Geul sediment decrease steeply within the first 0.4 cm.
Hydrogen sulfide concentrations in both profiles were below the detection limit of
the micro-electrode (5 µM) consistent with the presence of dissolved Fe (II) and
particulate Fe-oxides.
Ascorbate, dithionite extractable and total iron profiles are rather uniform
throughout the whole profile for Vliegertje and Geul. All iron oxide concentrations
in Geul sediment are higher than those in Vliegertje. Moreover, at both sites iron
oxide concentrations in the suspended particulate matter are much higher than
those in the sediments.

Fig. 5. Geul profiles: a. February 1999 O2 (µmol l-1) – open squares, solid phase
iron (µmol g-1) April 1999: Feasc - solid diamonds, Fedith - triangles, Fetotal – solid
squares (all three: µmol g dry sediment-1). b. Solid phase iron (µmol g-1) July 2000:
Feasc - solid diamonds, Fedith - triangles, Fetotal - squares (all three: µmol g dry
sediment-1).

Fig. 5a Fig. 5b
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Fig. 6a

Fig. 6b.

Fig. 6c

Fig. 6. Mediterranean profiles. a. O2 (µmol l-1): Florence Rise - solid squares, Erathostenes
Seamount - open squares, dissolved Fe (II) (µmol l-1): Florence Rise - solid diamonds,
Erathostenes Seamount - open diamonds. b. Solid phase iron (µmol g-1) in Florence Rise:
Feasc - solid diamonds, Fedith - triangles, Fetotal - squares . c. Solid phase iron (µmol g-1)
Erathostenes Seamount: Feasc - solid diamonds, Fedith - triangles, Fetotal - squares.
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Average Feasc in the sediment at the time of suspended matter collection is 13 and
51 µmol g-1 in Vliegertje and Geul respectively vs. suspended particulate matter
values of 29 and 89 µmol g-1 (not shown in figure). Likewise Fedith in the sediments
is 17 and 82 µmol g-1 and 35 and 178 µmol g-1 in the suspended particulate matter
of Vliegertje and Geul respectively. The total iron concentrations in the suspended
particulate matter are higher for Geul than in Vliegertje as well (75 and 100 µmol g-

1 for the fine and the middle fraction in Vliegertje and 271-515 µmol g-1 for Geul).
In Eastern Mediterranean sediments dissolved Fe (II) is not detectable in the
aerobic part of the sediments, i.e. above the sapropel. When all O2 is depleted
dissolved Fe (II) concentrations gradually increase (Fig. 6). Visible signs of oxygen
depletion (i.e. the sediment turned grey) were seen at 30 cm depth in Florence Rise
and at 25.5 cm depth in Eratosthenes Seamount, i.e. at the top of S1 where it is
depleted due to an upward flux of reductants (Van Santvoort et al. 1996).
In the Mediterranean sediments ascorbate extractable iron concentrations are very
low (< 10 µmol g-1 in most of the aerobic sediment and the anaerobic layers) and
only increase in the iron oxide rich layer overlying the sapropel. Dithionite
extractable iron concentrations in the aerobic sections of both sites were rather
high (Florence Rise: 130 µmol g-1; Eratosthenes 93 µmol g-1) and exhibit clear
peaks with nearly doubled values just above sapropel S1 layer. In the reduced
sapropel, the Fedith concentration decreased rapidly to values even lower than those
in the oxidized part of the profile. Total iron concentrations show a similar pattern
as dithionite iron, but concentrations are higher and the sapropels are not depleted
but rather enriched in total Fe.

2.4.3. Iron reactivity

In the Mediterranean sediments, reactivity has been measured in samples from 6
depth-intervals. These were selected based on the characteristic sediment layering
in the cores. Mediterranean sediments contain almost no ascorbate extractable
iron-oxides (Fig. 6) and the amount of iron dissolved during the kinetic experiment
was too small to fit the data to eq. (1). R2 values of the fits were very low and not
significant. A pilot experiment with dissolution times upto 7.5 days did not
improve the results. Therefore, this kinetic approach can not be applied to the
Mediterranean sediments due to the extremely low iron oxide reactivity.
Fig. 2 provides diagrams for a representative selection of our samples. The
intercepts at -log m m0 0( ) =  reflect the initial reactivities ( ′k ) and the slopes of the
lines ( )y  provide a measure of the heterogeneity or change in dissolution rate
during the experiment. Literature data on iron oxide reactivity in other sediments
and pure iron oxides are compared in fig. 2b. In general, our sediments have a
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higher apparent dissolution rate and the iron-oxide distribution is more
heterogeneous than the literature samples. As expected the pure iron oxides have
most homogeneous reactivity distributions.
Moreover, differences within our depth profiles (Table 2) are as large as those
between sediments and among sediment and suspended particulate matter and
have similar ranges. However, more variation in the depth profiles of initial

Table 2 Values of initial reactivity ( ′k ) and change in dissolution rate ( y ) of Fe in samples
used in the reactive continuum method. Asterixes indicate data on solid particulate matter in
Vliegertje and Geul (both in table 2b) with - 0.25, - 0.5 and - 0.75 cm corresponding to the
coarse, middle and fine material respectively. Iin table 2a asterixes indicate data on or
reworked sediment of Appels, sediments from higher on the flat – 0.75 cm and lower on the
flat – 0.25 cm). b for Grevelingen indicates samples taken in 2000.

Table 2a

AppelsDepth
(cm)

m0
(Fedith µmol g-1)

′k
(10 –2 s-1)

y

-0.75* 356.1 8.44 10-1 8.97

-0.25* 182.5 1.89 6.67

0.125 170.8 2.06 7.36

0.375 150.9 4.16 7.57

0.625 141.6 2.88 6.70

0.875 160.9 1.62 7.63

1.25 167.7 2.12 8.51

1.75 152.6 1.10 101 10.70

2,25 139.4 2.37 11.00

2.75 111.4 1.77 6.24

3.5 124.4 3.39 67.57

8 136.4 1.19 10-1 4.33

10 169.9 1.20 10+4 18.56

12 244.9 1.40 5.95

14 189.4 1.49 6.33
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reactivity and the distribution (Fig. 2c) is observed than for the iron oxide
extractions (Fig. 3-5).The profiles of ′k  and y  appear to be rather capricious,
except for Vliegertje where some pattern seems to exist. The trapped sediment
values in Appels were similar and resembled sediment values. The suspended
particulate matter of Grevelingen had other values than the sediment. However,
these showed no simple relation with size-fraction.

 Table 2b

Vliegertje Geul
(slib -2000, sed -1999)

Depth (cm)

m0
(Fedith µmol g-1)

′k
(10 –2 s-1)

y m0
(Fedith µmol g-1)

′k
(10 –2 s-1)

y

-0.75* 27.9 1.56 10+2 2.92 171.4 4.39 10-1 4.30

-0.50* 43.3 1.22 10+2 4.21 183.9 1.19 6.28

-0.25* 103.1 6.17 10-1 6.84

0.125b 10.5 4.08 5.93 108.4 1.19 6.28

0.625 b 9.0 9.64 9.76 107.7 1.02 5.70

0.125 13.1 4.74 11.68 44.8 3.86 13.29

0.375 11.4 1.07 13.10 30.7 2.89 13.48

0.625 11.6 8.25 10-1 11.88 21.4 4.36 11.78

0.875 11.7 7.35 10-2 5.94 26.0 2.06 9.29

1.25 12 1.13 10-1 7.37 32.8 2.99 13.28

1.75 13.6 1.47 10.74 34.6 2.03 22.65

2,25 13.3 1.21 8.80 30.4 4.16 10-1 9.12

2.75 16.4 1.84 10-1 8.36 30.2 2.30 10.80

3.5 14.3 1.40 10.27 29.6 1.70 11.80

4.5 13.2 3.50 10+4 23.52 25.1 4.79 13.12

5.5 14.1 2.69 11.60 18.2 1.78 9.99

6.5 14.3 3.85 10.07 10.8 1.10 11.14
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2.4.4. Mn reactivity

Analyses of samples from the kinetic experiment by ICP-OES allowed parallel
measurement of Mn in the kinetic experiments (see Materials & Methods which
experiments are analysed with ICP-OES). Therefore we calculated Mn-oxide initial
reactivity and reactivity distribution, using the same method as for iron oxide, in a
selection of these samples (Table 3).
In most Mediterranean sediments Mn reactivity was too low to provide reasonable
fits to eq.1, except for the Mn-oxide rich layer just above the sapropel. The
reactivity distribution of Mn-oxide in this layer was very homogeneous ( y = 1.0)
and its initial reactivity ( ′k = 8.1 10-3) was in the range of values reported for North
Sea sediments by Van der Zee 2002 ( ′k  = 3.3 10-3 to 8.9 10-1).
As for iron, the initial reactivity of Mn-oxides in suspended particulate matter in
Grevelingen is higher and the reactivity distribution is more heterogeneous than in
the sediment. At Appels, the reactivity distribution of Mn oxides tends to be more
homogeneous than for the iron, though this was not a general trend. Initial
reactivity of Mn covers a wide range within and between the sediments ( ′k = 1.42
10-4 to 2.69 102, Table 3) and are comparable to those of Van der Zee 2002 for
North Sea sediments ( ′k = 3.3 10-3 to 8.9 10-1). Van der Zee 2002 defined m0
by using the ascorbate extractable Mn-oxides whereas we used dithionite
extractable Mn for the m0 definition. However in the North Sea sediments Mndith

concentrations are also most similar to dithionite extractable manganese oxides,
therefore results may be compared. Moreover, they found y  values from 1.3 to 8.9
consistent with our observations ( y = 1.1 to 7.8, Table 3).
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Table 3 Values of initial reactivity ( ′k ) and change in dissolution rate ( y ) of Mn in
samples used in the reactive continuum method.

MnSite Depth (cm)

m0
(Mn dith µmol g-1)

′k
(s-1)

y

Florence Rise 27.75 149.4 8.11 E-3 1.00

Vliegertje fine 34.4 1.51 E2 1.07

medium 44.0 2.22 E 2 6.39

other m0 0.125 1.6 2.05 E-3 1.20

0.625 1 1.42 E-4 1.37 E1

Geul fine 15.4 3.81 E-2 4.28

coarse 10.9 6.09 1.57

0.125 3.6 4.01 E-2 5.70

0.625 4.0 5.04 E-3 3.91

Appels -0.75 16.4 2.73 E-2 6.44

-0.25 29.2 2.69 E2 7.09

0.125 15.1 1.40 E-2 2.88

2.25 11.6 4.17 E-1 7.75

12 18.7 3.12 E-3 1.10

2.5. Discussion

2.5.1. Sediment texture and sediment iron pools

Iron-oxide pool sizes are generally linked to sediment particle size (Munch and
Ottow 1980). Small sized particles, like clay, have a larger specific surface area and
therefore a higher capability to adsorb iron oxides and to support nucleation on
their surfaces (Ernstsen et al. 1998). This results in a large iron oxide pool.
Furthermore, iron- rich layers with high concentrations of precipitated iron-oxides
have smaller particle sizes and larger surface areas than the average sediment due to
the large surface area of solid phase iron oxides themselves (e.g. goethite: 153 m-2

g-1, 2-line Ferrihydrite: 230 m2 g-1 (Larsen and Postma 2001), amorphous Fe (III)
600 m2 g-1 (Schwertmann and Cornell 1991 in: Roden and Zachara 1996). This
effect can be observed in the diagenetically formed iron oxide rich sediment layers
just above the sapropel in the Mediterranean sediments (Van Santvoort et al. 1996)
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where the sediment surface area (40 m2 g-1) is higher than in the overlying Fe-poor
sediment (~ 30 m2 g-1).
The effect of grainsize on iron oxide pools is also evident when comparing
sediments. The fine grained Mediterranean sediments have highest total iron
concentrations, whereas the sandy Vliegertje sediments have the lowest values with
Appels and Geul data in between. However, Feasc and Fedith values are not only
affected by grainsize. These pools are also affected by sediment diagenesis.
Dithionite and ascorbate extractable iron of Mediterranean sediments, are lower
than could have been expected based on their sediment surface area. This is likely
due to the aged character of the iron oxides caused by the long duration of steady
aerobic conditions and a low input of fresh material (Haese et al. 2000, Haese et al.
1998). The iron-oxide concentrations in Vliegertje (medium grain size 334 µm) and
Geul (medium grain size 210 µm) do reflect the effect of grain size, with highest
Fe-oxide values in Geul.
The effect of particle size may also account for differences in iron oxide
concentrations between suspended particulate matter and sediments. Extractable
iron-oxide concentrations are higher in the suspended particulate matter of
Vliegertje and Geul than in the sediment. Moreover, in Geul the extractable iron
concentrations are higher in the fine than in the coarse fraction of suspended
particulate matter. Concentrations in the suspended Appels sediment are higher
than within the profile, because smaller particles are more easily resuspended than
large particles.
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2.5.2. Reactivity

Initial reactivity and reactivity distributions are highly different in the depth
profiles. In Vliegertje both measures have a similar pattern, samples with a high
initial reactivity also have a high heterogeneity. This may indicate a source of fresh
iron oxides. The general increase in discerned differences in comparison with
traditional extractions reflects the potential of the method to detect differences in
reactivity within iron oxide pools. Moreover high initial reactivity may indicate the
presence of more amorphous iron oxides. As these oxides are more recently
formed, the high initial reactivity may indicate (diagenetic) iron oxide formation.
Iron oxide reactivity ( ′k ) and heterogeneity of reactivity distribution ( y ) are not
related in a simple way (Fig. 7). This is not surprising as a homogeneous reactivity
distribution may either result from an aged sediment where the most reactive iron
oxides have been used, leaving a homogeneous pool of iron oxides with low
reactivity, or from diagenetic formation of iron oxides, without subsequent mixing,
resulting in a homogeneous pool of iron oxides with high reactivity. Most of our
samples (Fig. 2a) have higher initial reactivities than the pure iron oxides (Fig. 2b)
studied by Postma 1993 and Larsen and Postma 2001. They found that crystal
structure governs reactivity of iron oxides rather than crystal surface area. Initial
rates of dissolution are higher for less crystalline structures. Initial reactivities found

Fig. 7. y  vs. ′k (s-1) for Vliegertje, Geul, Appels and literature data on
sediments and pure iron oxides: Postma - data from two sandy
sediments, a mud sediment (Postma 1993), Postma ferri – data on
ferrihydrite (Postma 1993), Larsen – data on ferrihydrite, lepidocrocite
and goethite (Larsen and Postma 2001), Roden - data from a surface
sediment (Roden and Wetzel 2002)
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by Larsen and Postma 2001 varied between 5.4 x 10-6 to 7.3 x 10-3 s-1 for various
iron oxides (Fig. 2b), below and at the lower end of our results for natural
sediments (1.1 x 10-3 to 3.5 x 102 s-1, Fig. 2a). Consistently, Postma 1993 and
Roden and Wetzel 2002 also observed a range of initial reactivities (5.3 x 10-5 to 3.1
100 s-1) including high values in natural sediments (see Fig.2b)
The range in the change of dissolution rate ( y ) over time (indicating the
distribution of iron oxide reactivity) is smaller than the range in initial reduction
rate (Table 2). Homogeneous pure oxides have y values approaching 1. Sediment
values of Roden and Wetzel 2002 and Postma 1993 range between 1.7 for a
freshwater wetland surface sediment to 4.6 in muddy surface sediment of Aarhus
bay. This latter value is within the range found for our sediment samples (2.9 –
13.3, excluding outliners). The heterogeneous nature of our samples and the high
initial reactivity indicates a mixture of aged and fresh iron oxides. Postma 1993
suggested that the kinetic characteristics of iron oxides would be site specific,
which is not supported by our findings (Fig. 7). The range of initial reactivity and
reactivity distribution within sediments is very large and sites do not show
characteristic values.
Reactivity distributions might reflect the dynamics of sedimentary iron reduction.
Van der Zee 2002 attributed the heterogeneity of Mn-oxide reactivity to physical
perturbations in the sediment. The dynamic subtidal Vliegertje and Geul sediments
have slightly more heterogeneous iron oxides than the Appels sediments.
Especially the coarse grained Vliegertje sediment is affected by waves, consistent
with the observed heterogeneity.
There appears to be no relation between the amorphous iron-oxide pool (Feasc)
size and initial reactivity (Fig. 8a) or reactivity distribution (Fig 8b). Likewise there
appears to be no relation with the total reactive iron oxide pool (i.e. dithionite
extractable iron oxides). Thus reactivity based on the kinetic approach is not
affected by nor related to pool size. However, a minimal amount of reactive iron
oxide should be present to provide any results at all. Otherwise v  and a , and thus
the initial reactivity ( ′ =k

a
) and reactivity distribution ( y v= +1 1 ), can not be

derived, like in the Mediterranean samples. The results of the reactivity distribution
( y ) are affected by the definition of m0 which is used to normalise the dissolution
rate ( J m0, see eq. (2) and (3)). The method to define m0should therefore be
similar in order to compare results. Roden and Wetzel 2002 used a 0.5 M HCl
extraction for the total amount of reactive iron oxides. This extraction liberates
amorphous iron oxides and AVS, and results in a smaller m0 than the dithionite
extraction, used here and by Postma 1993. The change in m t m( ) 0values over time
also depends on the value and definition of m0 . Using a smaller m0 will result in a
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more homogeneous reactivity distribution, though initial reactivity values will
remain rather similar. Applying HCl extractable iron for m0 in Appels sediments
resulted in a yvalue approaching 1, consistent with y values of 2.0 and 1.7 as
found by Roden and Wetzel 2002.
Initial reactivity and iron oxide reactivity distributions are not related to sediment
surface area (Fig. 9). The lack of a sediment texture effect allows a cross system
comparison of initial reactivity and reactivity distribution, which can not be made
with the traditional iron oxide extractions as the latter are affected by the reactive
surfaces of the sediment particles. For instance, the kinetic characteristics of
Grevelingen and Appels sediments are in a similar range whereas absolute iron
surface area. Larsen and Postma 2001 investigated the relation between iron oxide

Fig. 8a

Fig 8b.

Fig. 8. a. ′k  (s-1) vs. ascorbate extractable iron oxides (µmol g-1), b. y  vs.
ascorbate extractable iron oxides (µmol g-1)
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reactivity and specific surface area of pure iron oxides . They found no relation
with specific surface area when investigating different types of iron oxides. It will
be clear that the reactive continuum approach can be applied to quantify and
compare iron oxide reactivity. However, the reactive continuum approach does not
provide a simple well-defined view of the sedimentary reactive iron oxide pool
because the two separate terms, initial reactivity and reactivity distribution, are
necessary to indicate the pool characteristics. One term comprising both values will
be more useful. However, the results of the reactive continuum approach should
be combined with results from traditional extractions indicating absolute pool sizes
in order to include the aspect of absolute pool size in sediment reactivity and iron
oxide availability for (microbial) iron oxide reduction.

2.6. Conclusions

Iron oxide extractions have been shown to be useful in determining large
differences in the composition of the sedimentary iron oxide pool between
sediments. However small changes within the profile can not be discerned. Besides,
results are affected by grain size and relative pool sizes and do not directly
represent iron oxide reactivity. Results of a reactive continuum approach (Postma
1993) are independent of pool distribution and grain size and the approach allows a
quantification of iron oxide reactivity in sediments. However, a minimal pool of

Fig. 9 ′k  (s-1) vs. sediment surface area (m2 g-1). Data from Appels
(open triangles), Vliegertje (closed circles), Geul (closed diamonds) and
literature: Postma ferri (open diamonds) – data on ferrihydrite (Postma
1993), Larsen (closed triangles) – data on ferrihydrite, lepidocrocite and
goethite (Larsen and Postma 2001).
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reactive iron oxides should be present in the sediment to allow a reliable estimation
of ′k , initial reactivity, and y , distribution of initial reactivity. Therefore the
method can not be applied to sediments which are poor in reactive iron oxides, e.g.
Mediterranean Sea sediments. In sediments, with a sufficient pool size, the kinetic
approach is a useful tool revealing relatively small differences in iron oxide
composition and can therefore be used to discern sediment layers were freshly
precipitated iron oxides are present. Even if profiles of sedimentary iron oxide
composition are rather homogeneous, like found in a freshwater and an estuarine
sediment, depth profiles of ′k  and y appear to be very heterogeneous.
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