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Abstract—Pyrite (FeS) and iron monosulfide (FeS) play a central role in the sulfur and iron cycles of marine
sediments. They may be buried in the sediment or oxidized pyftr transport by bioturbation to the
sediment surface. Fg&nd FeS may also be oxidized within the anoxic sediment in whicly Nex(lIl)

oxides, or MnQ are available as potential electron acceptors. In chemical experimentsaf@$eS were
oxidized by MnQ but not with NG; or amorphous Fe(lll) oxide (Schippers and Jgrgensen, 2001). Here we
also show that in experiments with anoxic sediment slurries, a dissolution of tracer-ni&Fes) occurred

with MnO,, but not with NG; or amorphous Fe(lll) oxide as electron acceptor. To study a thermodynamically
possible anaerobic microbial Fe&nd FeS oxidation with N or amorphous Fe(lll) oxide as electron
acceptor, more than 300 assays were inoculated with material from several marine sediments and incubated
at different temperatures for 1 yr. Bacteria could not be enriched with Be&s substrate or with FeS and
amorphous Fe(lll) oxide. With FeS and 014 enrichments were obtained. One of these enrichments was
further cultivated anaerobically with B& and $ as substrates and NQas electron acceptor, in the presence

of 5FeS, to test for co-oxidation of FeSbut an anaerobic microbial dissolution ¥FeS, could not been
detected. FeSand FeS were not oxidized by amorphous Fe(lll) oxide in the presence of Fe-complexing
organic compounds in a carbonate-buffered solution at pH 8. Despite many different experiments, an
anaerobic microbial dissolution of Fe8ould not be detected; thus, we conclude that this process does not
have a significant role in marine sediments. FeS can be oxidized microbially withds@lectron acceptor.

0O, and MnQ, but not NG, or amorphous Fe(lll) oxide, are chemical oxidants for both JFa8d

FeS. Copyright © 2002 Elsevier Science Ltd

1. INTRODUCTION dized via polysulfides mainly to elemental sulfur. These inter-
mediate sulfur compounds can be oxidized by bacteria such as
In anoxic marine sediments, pyrite (E@%nd iron mono- sulfur-disproportionating bacteria (Thamdrup et al., 1993; Fin-

sulfide (FeS) are formed as the result of organic matter degra- ster et al., 1998).

dation by sulfate-reducing bacteria. In bioturbated sediments, Besides MnQ, NO3 or Fe(lll) oxides might oxidize FeS
FeS and FeS can be transported to the sediment surface whereand FeS in anoxic marine sediments according to thermody-
O, chemically oxidizes the metal sulfides (Luther et al., 1982; namic considerations. A purely chemical oxidation of Fafd
Thamdrup et al., 1994; Peterson et al., 1996; Ferdelman et al.,FeS with NG or Fe(lIl) oxides at pH 8 could not be detected
1997). Marine sediments are carbonate buffered and, therefore,(Schippers and Jgrgensen, 2001). An FeS-mediated denitrifica-
neutral pH values prevail. The mechanisms and kinetics of tion has been described for a marine sediment (Garcia-Gil and
Fe$S and FeS oxidation by Qunder these chemical conditions ~ Golterman, 1993). An FgSxidation by the reduction of ND

are well described in the literature (Lowson, 1982; Luther, has been suggested for aquifers based on geochemical data
1987; Moses et al., 1987; Nicholson et al., 1988, 1990; Morse, (Postma et al., 1991; Engesgaard and Kipp, 1992; Cravotta,
1991; Moses and Herman, 1991; Williamson and Rimstidt, 1998; van Beek, 2000). A chemical anoxic Befssolution in
1994; Evangelou et al., 1998; Sand et al., 2001). Sulfur com- the presence of organic Fe(lll) complexes in the pH range of 4
pound intermediates of Fe®xidation might be oxidized to  t0 6.5 was shown by Luther et al. (1992). Bottrell et al. (2000)

sulfate by aerobic bacteria of the gendtaobacillus or Thio- provided some isotopic evidence for an anoxic fefidation

microspira (Kuenen et al., 1992). in marine sediments and proposed Fe(lll) to be the oxidant in
In the deeper anoxic sediment, a variety of sulfur compounds this process.

(S&~, S,027, S, and HS), but not Fe$, are oxidized or The present study explored the role of NOr Fe(lll) oxides

reduced as revealed wiffiSlabeled sulfur compounds (Foss- for FeS or FeS oxidation in anoxic marine sediments. To
ing and Jargensen, 1990; Elsgaard and Jgrgensen, 1992). Anleveal the importance of bacteria, more than 300 enrichment
oxic FeS oxidation by Mn@and bacteria in marine sediments ~ assays were inoculated with material from several marine sed-
was shown by Aller and Rude (1988). Recently, we have also iments and incubated at different temperatures=at yr. For
shown that FeSis oxidized in anoxic marine sediments (Schip- the most sensitive detection of Fe&xidation, tracer-marked
pers and Jgrgensen, 2001). Myemically oxidized FeSvia 55FeS, was used in experiments with bacterial cultures and

thiosulfate and polythionates to sulfate, whereas FeS was oxi- Sédiment slurries. To study the influence of Fe-complexing
organic compounds on anoxic Fe&d FeS oxidation, exper-

iments were carried out under conditions relevant for marine
*Author to whom correspondence should be addressed Sediments using amorphous Fe(lll) oxide in a carbonate-buff-
(A.Schippers@bgr.de). ered solution at pH 8.
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2. MATERIAL AND METHODS
2.1. Marine Sediments

To alow us to draw general conclusions about the biogeochemistry
of FeS, and FeS oxidation, samples for experiments from different
marine sediments were taken from the top 10 cm between April and
September 1999. The sampling sites were: (1) Skagerrak: Stations $4,
S6, and S9 described by Canfield et al. (1993a,b); (2) a salt marsh near
Woods Hole, Massachusetts, USA; (3) the estuary of Rio Tinto, near
Huelva, Southwest Spain; (4) the Baltic Sea: Bornholm deep, Gotland
deep, and a shallow site close to the German coast; (5) the Wadden Sea
off the North Sea near Dangast, Germany; (6) the continental margin
off central Chile: Stations C7 and C18, described by Thamdrup and
Canfield (1996); (7) a fjord near Maarmorilik, Greenland; (8) 10
different sites around Svalbard in the Arctic. The samples were trans-
ported under exclusion of air in cooled boxes to Bremen and stored at
4°C in the dark until use.

2.2. Iron Sulfides

Four types of iron sulfides were used for oxidation experiments: (1)
acommercially available FeS with troilite (FeS) and pyrrhotite (Fe,Sg)
as the main minerals, (2) a coarse-grained FeS, from an ore-processing
flotation plant, (3) a fine-grained synthetic FeS,, (4) a fine-grained
synthetic tracer-marked °FeS, with an activity of 150 kBg/g. The
preparation and the mineralogy of the iron sulfides were described
previously (Schippers and Jargensen, 2001). All iron sulfides were
stored under dinitrogen until use.

2.3. Chemical Anoxic FeS, or FeS Oxidation Experiments With
Fe(l11) Oxide and Fe-Complexing Organic Compounds

Amorphous Fe(l11) oxide was prepared as described by Lovley and
Phillips (1986). The suspensions were made to afinal concentration of
1-mol L™~* Fe. For the experiments, 0.5 g of fine FeS, or FeS were
weighed into 250-mL flasks. To each assay, 50 mL of a 1 mol/L
NaHCO; solution and 50 mL of a suspension of amorphous Fe(lll)
oxide were added. To each assay, 10 mM, 1 mM, or 0.1 mM of the
following compounds were given: (1) salicylic acid, which forms a
Fe(ll) salicylate complex oxidizing FeS, (Luther et a., 1992); (2)
citric acid, which forms aFe(l11) citrate complex accelerating oxic FeS,
oxidation (Peiffer and Stubert, 1999); (3) oxalic acid, which forms an
Fe(Il) oxalate complex reducing Fe(ll1) oxide (Sulzberger et al., 1989;
Wehrli et al., 1989); (4) AQDS (2,6-anthraguinone disulfonate), a
humic substance analog shown to be able to reduce Fe(lll) oxides
(Lovley et a., 2000; Zacharaet al., 2001). The pH remained at 8 = 0.5
for al experiments. The flasks were closed with airtight butyl rubber
seals, evacuated, and gassed with a mixture of CO,/N, (10/90, v/v)
three times. All assays were incubated at 20°C in the dark. Samples
were taken after 1 and 3 months by a syringe flushed with a mixture of
CO,/N, (10/90, v/v) and analyzed for sulfur compounds as described
previously (Schippers and Jargensen, 2001).

2.4. Attempts to Enrich Anaerobic FeS, or FeS Oxidizing
Bacteria

To enrich anaerobic FeS, and FeS oxidizing bacteria using NO; or
amorphous Fe(l11) oxide as electron acceptor, more than 300 assays
were inoculated with material from the marine sediment sites listed
above. The medium for bacterial growth was prepared as described by
Widdel and Bak (1992). The artificial saltwater medium at pH 7.0 to
7.3 (containing 1 mM NaSO, instead of 4 g/L) included nonchelated
trace element mixture, selenite-tungstenite solution, bicarbonate solu-
tion, vitamin mixture, thiamine solution, and vitamin B,, solution. The
medium contained 10 mM NaNO, or 250 mmol L ~* amorphous Fe(l11)
oxide as electron acceptor. As reducing agent, 1 mM FeCl, was added
instead of sulfide to avoid growth of sulfide-oxidizing bacteria or
chemica reduction of amorphous Fe(l1l) oxide by sulfide. Under a
stream of CO,/N, (10/90, v/v), ~30 mL of the medium was put into
50-mL serum flasks containing 0.5-g coarse FeS, or FeS as electron
donor. The medium was inoculated with ~1 g of sediment material. To
half of the flasks, 0.1 mM Na-acetate was added as carbon source,

enabling heterotrophic growth of bacteria. To several flasks containing
amorphous Fe(lll) oxide, 0.1-mM AQDS was added to enable the
shuttling of electrons from bacteria to amorphous Fe(lll) oxide as
described previously (Coates et a., 1998; Lovley et a., 2000; Zachara
et a., 2001). The flasks were closed with airtight butyl rubber seals,
evacuated, and gassed with a mixture of CO,/N, (10/90, v/v) three
times. The assays were incubated at 4, 10, 15, or 30°C in the dark for >
1yr. Samples were taken by a syringe flushed with CO,/N,, (10/90, v/v)
every 3 months and analyzed for bacteria by microscopy, and for NO5
reduction and SO2~ formation by ion chromatography (Dionex, DX
500). An enrichment was counted as positive if bacteria were visible;
< 5-mM NOj3 and > 2-mM SO3~ were detected.

2.5. Anoxic Slurry Experiments With %°FeS, and Marine
Sediments

To study whether FeS,, as quantitatively, the most important metal
sulfide is oxidized in anoxic marine sediments in the presence of NO3
or Fe(l11) oxide as electron acceptor, slurry experiments with >°FeS,
and sediment from six different sites (site 1: stations S4 and S9, site 4:
Bornholm deep and the shallow site, and site 6: stations C7 and C18)
were performed. Into small serum bottles, 50-mg >°FeS, (7.5 kBq) was
weighed, and added were 9-g sediment plus 1-mL 100 mM NaNO; in
filtered anoxic seawater, 1 mL of 1 mol L~ amorphous Fe(l11) oxide
plus 30 g/L NaCl, or 1 mL filtered anoxic seawater without electron
acceptor. Finaly, to each assay, 5-mL filtered anoxic seawater was
added. The flasks were closed with airtight butyl rubber seals, evacu-
ated, and subsequently gassed with a mixture of CO,/N, (10/90, v/v)
three times. All assays were shaken well and subsequently incubated at
20°C in the dark for 18 d. Samples were taken and radioactivity was
measured as described previously (Schippers and Jergensen, 2001).
NO3 was measured by ion chromatography (Dionex, DX 500).

3. RESULTS

3.1. Chemical and Microbiological Oxidation of FeS, and
FeS

To study the biogeochemistry of FeS, and FeS oxidation in
marine sediments, many different experiments were carried
out, which are summarized in Table 1. In anoxic, purely chem-
ical experiments, Schippers and Jergensen (2001) had found
that FeS, and FeS were oxidized by MnO,, but not with NOZ
or amorphous Fe(l11) oxide in a carbonate-buffered solution at
pH 8. In the present study, we found aso that FeS, and FeS
were not oxidized by amorphous Fe(l11) oxide in the presence
of Fe-complexing organic compounds such as salicylic acid,
oxalic acid, and citric acid, or in the presence of the electron-
transporting compound AQDS (2,6-anthraquinone disulfonate)
in a carbonate-buffered solution at pH 8. Accordingly, oxida-
tion products of FeS, or FeS oxidation were not detected (data
not shown).

To study a possible anaerobic microbia FeS, or FeS oxida-
tion with NO3™ or amorphous Fe(I11) oxide as electron acceptor,
more than 300 assays were inoculated with material from
several marine sediments and incubated at different tempera-
tures for > 1 yr. Bacteria could not be enriched with FeS, as
substrate. With FeS as substrate and amorphous Fe(111) oxide as
electron acceptor, bacterial growth also did not occur. With FeS
and NOg', however, seven positive enrichments were obtained
at 15°C and seven at 30°C from the following sites: (1) Skag-
errak: station S9; (2) the estuary of Rio Tinto, near Huelva,
southwest Spain; (3) the Baltic Sea: Bornholm deep and Got-
land deep; (4) the Wadden Sea off the North Sea near Dangast,
Germany; (5) three different sites around Svalbard in the Arc-
tic.
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Table 1. Summary of FeS, and FeS oxidation experiments.

Experiment Oxidant Result Reference
Chemical FeS, and MnO, positive Schippers and
FeS oxidation Jargensen (2001)
Chemical FeS, and Fe(lll) oxide negative Schippers and
FeS oxidation Jargensen (2001)
Chemical FeS, and NO3 negative Schippers and
FeS oxidation Jargensen (2001)
Chemical FeS, and Fe(l11) oxide and Fe-complexing negative this study
FeS oxidation organic compounds or AQDS
Enrichment of FeS, Fe(lll) oxide negative this study
oxidizing bacteria
Enrichment of FeS, NO3 negative this study
oxidizing bacteria
Enrichment of FeS Fe(lll) oxide (+ AQDS, negative this study
oxidizing bacteria + acetate)
Enrichment of FeS NO3 positive this study
oxidizing bacteria
Dissolution of *FeS, 0, positive this study
control experiment
Dissolution of *FeS, MnO, positive Schippers and
slurry experiment Jergensen (2001)
and this study
Dissolution of *5FeS, Fe(lll) oxide negative this study
slurry experiment
Dissolution of *5FeS, NOz negative this study
slurry experiment
Dissolution of *5FeS, NOz negative this study
in FeS oxidizing

bacterial culture

An enrichment from the estuary of Rio Tinto was further
cultivated anaerobically at 30°C with 2-mM Fe** and ~10 mg
SP as substrates and 10-mM NOj3 as electron acceptor in the
presence of 50-mg tracer-marked >°FeS, to test for co-oxida-
tion of FeS,. Samples were taken from assays inoculated with
bacteria or from control assays without bacteria and analyzed
for concentrations of SO3~, NO3, Fe**, and *°Fe in the me-
dium. Results from an incubation period of 2.5 months are
shown in Figure 1. SO3~ was formed and NO3 and Fe?* were
consumed in the assays with bacteria, presumably due to bac-
terial Fe** and S° oxidation coupled to NO3 reduction. Values
of %°Fe were not higher in the assays with bacteria than in the
controls, which means that an anaerobic microbial dissolution
of 55FeS, could not be detected.

3.2. Anoxic Slurry Experiments With %°FeS, and Marine
Sediments

55Fe recovery, due to the dissolution of 5°FeS, in dlurry
experiments with samples from different marine sediments and
with different electron acceptors, is shown in Figure 2. Irre-
spective of the addition of electron acceptors, the mean values
of ®Fe recovery for five different marine sediments were in the
same low range as that of anoxic seawater. Thus, a dissolution
of ®5FeS, was not detected in these assays, although NO3 was
consumed in the assays that had been amended with 10-mM
NO; twice during the period of incubation (Fig. 3). After each
addition, nitrate was consumed presumably due to denitrifica-
tion. In the three assays with a MnO,-rich marine sediment, a
dissolution of ®°FeS, was detected (Fig. 2) due to chemical
55FeS, oxidation by MnO, (Schippers and Jergensen, 2001).

The addition of NO3 or amorphous Fe(l11) did not enhance the
degree of °FeS, dissolution in the assays with the MnO,-rich
marine sediment. The highest amount of dissolved °FeS, was
messured for the assays with oxic seawater due to chemical
FeS, oxidation by O,. In summary, FeS, can be dissolved by
O, or MnO,, but not by NO5 or amorphous Fe(l11) oxide in
marine sediments.

4. DISCUSSION

Thermodynamically, O,, MnO,, Fe(l11) oxide, and NO3 are
potential oxidants for FeS, and FeS in marine sediments. Pos-
sible reactions for complete FeS, and FeS oxidation to SO3~
and the corresponding AG? values are shown in Table 2. In the
case of O,, MnO,, and NOg3, the reactions are exergonic. With
Fe(l1l) oxide as oxidant, the reactions are only exergonic if
Fe(Il) forms FeCO; and not Fe;O, (Chaudhuri et al., 2001).
Marine sediments contain carbonate; thus, oxidation of FeS, or
FeS by Fe(l1l) oxide should be thermodynamically possible
there.

4.1. Oxidation of FeS,

Slurry experiments with tracer-marked >°FeS,, as well as
chemical and biologic experiments presented in this paper,
have shown that FeS, is oxidized in marine sediments by O,
and MnO,, but not by Fe(l11) oxide or NO3 .

In the case of FeS, oxidation by O, or MnO,, Fe(lll) has
been shown to be the FeS,-attacking oxidant, even at neutral
pH (Luther, 1987; Moses et al., 1987; Moses and Herman,
1991; Schippers and Jargensen, 2001). The sulfur moiety of
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Fig. 1. Experimental study of *>FeS, dissolution in an S°- and Fe**-oxidizing and NO3 -reducing bacterial culture. Mean
concentrations of sulfate, nitrate, Fe(ll) ions, and extractable *°Fe in the medium are shown for three assays with bacteria
and three assays without bacteria after 2.5 months of incubation. The amount of >°FeS, dissolved was measured as
HCl-extractable >>Fe and related to total >>Fe. The results show that bacteria do not increase the amount of >°FeS, dissolved

above the background value of 0.1 to 0.2%o.

FeS, is oxidized via thiosulfate and polythionates to sulfate
(Schippers et a., 1996). The Fe(ll) is oxidized by O, or MnO,,
to Fe(l11), thus closing the Fe cycle (Moses and Herman, 1991,
Schippers and Jgrgensen, 2001). Due to its mineral structure,
FeS, cannot be dissolved by acid in the environment (Schippers
and Sand, 1999; Sand et al., 2001). Based on these findings, we
conclude that in the case of athermodynamically possible FeS,
oxidation by Fe(lll) oxide or by NOg, Fe(lll) must be the
FeS,-attacking agent as well. In the following, we discuss why
Fe(l1l) oxide and NO; are not oxidants for FeS, in marine
sediments.

In seawater at slightly akaline pH, the solubility of Fe(lll)
oxides is very low, i.e, close to 1072° M (Liu and Millero,
1999). The concentration of soluble Fe(l11) under these condi-
tions is apparently too low to alow for FeS, oxidation by
Fe(111) oxides (Schippers and Jargensen, 2001). Dissolved or-
ganic Fe(ll)/(111) complexes were detected in salt marsh and
marine sediment pore waters (Luther et al., 1996; Huettel et al .,
1998; Taillefert et al., 2000). Luther et al., (1992) showed a
chemical FeS, oxidation by 1-mM ferrihydrite and 10-mM
sdlicylic acid a a pH range of 4 to 6.5. Ferrihydrite and
salicylic acid form an Fe(l11) salicylate complex, which reacts
with FeS,. In our experiments with a carbonate-buffered solu-
tion at pH 8 relevant for marine sediments, we were not able to

show FeS, oxidation by amorphous Fe(l11) oxide in the pres-
ence of organic Fe complexes or of the electron-transporting
compound AQDS. Liu and Millero (1999) showed that the
solubility of Fe(lll) in the presence of Fe(l11)-complexing hu-
mic acids is two orders of magnitude higher at pH 4 to 6 than
at pH 8. Presumably, the concentration of complexed Fe(l11) in
our experiments was too low to enable FeS, dissolution. Thus,
FeS, oxidation by soluble organic Fe(l1l) complexes might be
relevant for salt marshes with dightly acidic pH values, but
obviously not for carbonate-buffered marine sediments with
dightly alkaline pH values. Consequently, >°FeS, was not
dissolved in the sediment slurries amended with amorphous
Fe(I11) oxide, and bacteria could not be enriched using FeS,
and amorphous Fe(l11) oxide.

Precipitation of Fe(l11) hydroxide might explain the absence
of ®°FeS, dissolution in an S°- and Fe?*-oxidizing and NO; -
reducing bacterial culture. The bacteria oxidize Fe(ll) to
Fe(111), which has to diffuse from the Fe-oxidizing enzyme of
the bacteria to the FeS, surface to serve as an oxidant for FeS..
Obviously, Fe(l11) precipitatesimmediately and, therefore, can-
not serve as an oxidant for FeS,. Furthermore, NO; -amended
sediment slurries did not show >°FeS, dissolution, and bacteria
could not be enriched with FeS, and NO3, which shows that
NO; is not an oxidant for FeS, in marine sediments. In
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B Mn-rich sediment + nitrate
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Fig. 2. Dissolution of 5°FeS, in slurry experiments with samples from different marine sediments and different electron
acceptors. Mean values and standard deviations for five different marine sediments and values for an MnO,-rich marine
sediment are shown. Sediments were incubated anaerobically for 18 d without the addition of an electron acceptor or NO5
(see also Fig. 3) or amorphous Fe(l11) oxide. For comparison, >°FeS, was incubated in anoxic or oxic seawater. The amount
of 5°FeS, dissolved was measured as HCl-extractable *°Fe and related to total >°Fe.

aquifers in which glightly acidic pH values were detected, an
FeS, oxidation by the reduction of NO3 has been suggested,
based on depth profiles of NO3 and SO~ (Postmact al., 1991;
Engesgaard and Kipp, 1992; Cravotta, 1998; van Beek, 2000).
There, Fe** -oxidizing and NO3 -reducing bacteria and soluble
organic Fe(l11) complexes could catalyze an anoxic FeS, oxi-
dation with NO3 as electron acceptor.

In contrast to Fe(l11) oxide and NO3 ', MnO, is an oxidant for
FeS, in a carbonate-buffered solution a pH 8, presumably
because of the direct contact of the two minerals, which alows
an electron transport via an Fe(ll)/Fe(l1l) shuttle being ad-
sorbed to the mineral surfaces (Schippers and Jergensen, 2001).
In oxic sediments, O, can diffuse to the FeS, surface and
oxidize adsorbed Fe(ll) to Fe(l11), which is the direct oxidant
for FeS, (Moses and Herman, 1991). Consequently, MnO, and
O, chemically oxidize FeS, in marine sediments.

4.2. Oxidation of FeS

FeS belongs to the acid-soluble metal sulfides, which are
chemically oxidized via polysulfides to mainly elemental sulfur
and some sulfate (Thomas et al., 1998, 2001; Schippers and
Sand, 1999; Sand et al., 2001; Schippers and Jargensen, 2001).
Similar to FeS,, FeS is chemically oxidized by O, and MnO,,
but not by Fe(lll) oxide, neither alone nor in the presence of
Fe-complexing organic compounds. In contrast to FeS,, FeS

can be oxidized biologically with NO3 as an electron acceptor.
This finding is in agreement with results of Garcia-Gil and
Golterman (1993) who described an FeS-mediated denitrifica-
tion for a marine sediment. This biogeochemical coupling of
iron, sulfur, and nitrogen cycles may be described by Eqgn. 1 to
3 below. Due to its acid solubility, protons dissolve FeS ac-
cording to:

FeS+ H' — Fe?* + HS" @

Both products of this reaction may be oxidized by NO; -
reducing bacteria. The Fe?* can be oxidized according to
Straub et al. (1996):

10 FeCO, + 2 NO;5 + 24 H,0 — 10 Fe(OH),
+ N, + 10HCO; + 8H' (2)

HS™ may be oxidized by, e.g., Thiobacillus denitrificans or
Thiomicrospira denitrificans (Kuenen et al., 1992; Kelly and
Wood, 2000):

5HS +8NO; + 3H* -5S02” + 4N, + 4H,0
(3

In Egn. 2, protons are produced, which continue to dissolve
FeS. Bacteriamight be attached to the FeS surface embedded in
extracellular polymeric substances (EPS). Bacteria produce
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Fig. 3. Mean NO; concentrations for assays with five different marine sediments amended with ~10-mM NO; at day
0 and day 15. After each addition, NO3; was consumed, presumably due to denitrification (day 14 and day 18).

EPS to create a microenvironment, which favors their metab-
olisms (Sand et al., 2001). In such a microenvironment, the pH
might be much lower than 8, enabling FeS dissolution. Conse-
quently, Fe?* or HS -oxidizing and NO3 -reducing bacteria
can grow with FeS as a substrate, and we were able to enrich
these bacteria from different marine sediments. With FeS, asa
substrate, bacteria did not grow, since FeS, cannot be dissolved
by protons.

5. CONCLUSIONS

The mineralization of particulate organic carbon drives the
iron and sulfur cyclesin marine sediments. Sulfate reduction is
the dominant process of organic carbon oxidation in anoxic
marine sediments (Jargensen, 1982). The product of this pro-
cess, H,S, is partly oxidized in the anoxic sediment as docu-
mented by depth profiles of S°, FeS,, FeS, and porewater SO3~
concentrations (Schulz et a., 1994; Ferdelmann et al., 1997) or

by large differences in the sulfur isotope composition between
S02~ and FeS, (Briichert et al., 2000, 2001). H,S oxidation has
been confirmed by experimental studies with *°S-labeled sulfur
compounds (Jargensen, 1977; Fossing and Jargensen, 1990;
Elsgaard and Jargensen, 1992).

In bioturbated sediments, FeS, and FeS can be transported to
the sediment surface where a chemical oxidation by O, occurs
(Thamdrup et ., 1994). Aerobic bacteria oxidize intermediates
of FeS, and FeS oxidation, such as thiosulfate, polythionates,
and elemental sulfur, to sulfate. In anoxic sediments, FeS, and
FeS are oxidized by MnO, if the Mn content of the sediment
is > 0.2% w/w (Schippers and Jargensen, 2001). Sulfur inter-
mediates might be oxidized by sulfur-disproportionating bac-
teria. Presumably, because of the low solubility of Fe(lll) or
low concentration of Fe(l11) complexes, Fe(l11) oxide is not an
oxidant for FeS, or FeS in marine sediment. FeS can be
oxidized biologicaly in anoxic sediments by Fe®*- or H,S-

Table 2. Possible reactions and corresponding AG? values for complete FeS, and FeS oxidation to SO3~. G? values of compound formation for
AG? calculations were taken from Stumm and Morgan (1996) and for FeS from Lowson (1982).

FeS, + 4.25 0, + 2.5 H,0 — Fe(OH), + 2 SO2~ + 2 H* AG? = —1435 kJmol
FeS, + 7.5 MnO, + 11 H* — Fe(OH); + 2 SO~ + 7.5 Mn** + 4 H,0 AG? = —1199 kJmol
2 FeS, + 6 NO; + 4 H,0 — 2 Fe(OH); + 4S02~ + 3N, + 2H* AG? = —2439 kJmol
FeS, + 44 Fe(OH); — 15 Fe;0, + 2 S03™ + 64 H,0 + 4 H* AG? = +942 kJmol
FeS, + 14 Fe(OH); + 15 HCO; + 11 H* — 15 FeCO, + 2 SO3~ + 34 H,0 AG? = —806 kJmol
FeS + 2250, + 2.5 H,0 — Fe(OH); + SO3~ + 2 H™ AG? = —750 kd/mol
FeS + 45 MnO, + 7H" — Fe(OH); + SO; + 45 Mn*" + 2 H,0 AGY = —751 kJmol
5FeS+ 9NO; + 8H,0 —>5FeOH); + 5807~ + 45N, + H* AG? = —3817 kJmol
FeS + 26 Fe(OH); — 9 Fe,0, + SO + 38 H,0 + 2 H* AG? = +596 kJmol

FeS + 8 Fe(OH), + 9 HCO; + 7 H* — 9 FeCO, + SO2~ + 20 H,0

AG? = —515 kJmol
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oxidizing and NO; -reducing bacteria due to the acid solubility
of FeS. Since FeS, is resistant against proton attack, these
bacteria do not dissolve FeS,; thus, NO; is not an oxidant for
FeS,. These findings are important for understanding the cou-
pling of sulfur, iron, manganese, and nitrogen cycling in marine
sediments.
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