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Studies were carried out to elucidate the nature and importance of Fe3+
reduction in anaerobic slurries of marine surface sediment. A constant accumula-
tion of Fe2+ took place immediately after the endogenous NO3- was depleted.
Pasteurized controls showed no activity of Fe3+ reduction. Additions of 0.2 mM
N03- and NO2- to the active slurries arrested the Fe3+ reduction, and the
process was resumed only after a depletion of the added compounds. Extended,
initial aeration of the sediment did not affect the capacity for reduction of N03
and Fe3+, but the treatments with NO3- increased the capacity for Fe3"
reduction. Addition of 20 mM MoO42- completely inhibited the s042- reduction,
but did not affect the reduction of Fe3+. The process of Fe3+ reduction was most
likely associated with the activity of facultative anaerobic, N03--reducing bacte-
ria. In surface sediment, the bulk of the Fe3+ reduction may be microbial, and the
process may be important for mineralization in situ if the availability of NO3- is
low.

The origin of Fe3+ reduction in anaerobic
environments has been a matter of controversy,
since both a chemical and a biological source
may exist. A chemical reduction of Fe3+ by
organic acids (12) and notably by inorganic
sulfide (1) could thus be responsible, though a
bacterial origin seems possible as judged from
the apparent role of Fe3+ as an alternative
electron acceptor for N03--reducing bacteria (7,
9, 10).
A vertical stratification of 02-, N03-, and

S042-_reducing activities has been found in the
marine sediments (14), and in the pore waters,
an accumulation of dissolved Fe2+ may be ob-
served immediately below the N03--containing
surface zone (4). Though all of these reductions
may occur in close association in the sediment,
the metabolic relationships between them have
not yet been studied in detail. Thus, the nature
of the Fe3+ reduction is totally unknown.

In this study, the aim was to demonstrate a
significance of the microbial Fe3+ reduction in
marine sediment and to study the interactions
with the reduction of NO3- and S042-. The
changes of NO3-, NO2- and Fe2+ were followed
over time to measure the NO3- and Fe3+ reduc-
tion in suspended sediment, and radiotracer
experiments with 35S042- were performed to
follow the reduction of S042-. The capacities for
reduction of N03-, Fe3+ and s042- were com-
pared in sediments of different origin.

MATERIALS AND METHODS
Sample collection and preparation. A batch of the

"oxidized" surface sediment (0- to 5-cm depth) was

collected in a shallow (0- to 1-m depth) coastal lagoon
(Kysing Fjord). Sampling was done during spring 1981
when the in situ water temperature was 5 to 10°C. The
sediment was sieved through a 1-mm screen and
diluted with seawater to a water content of about 80%
(wt/wt). Bottles with 1 liter of the slurry were then left
overnight for equilibration in the dark and at room
temperature. The bottles were open during the condi-
tioning, but anaerobiosis was soon established under
the stagnant water phase. The day after, magnetic
stirring was applied in the open bottles for about 30
min to reduce the endogenous Fe2+ concentration.
The bottles were then stoppered, and complete an-
aerobiosis was obtained as the gas phase was flushed
with N2 for 10 min. A slight but constant N2 pressure
was maintained through a pipette in the stopper. An
outlet at the bottom of the bottles served for subsam-
pling of the sediment, and the activities of N03-,
Fe3+, and S042- reduction were determined by the
techniques described below. Pasteurized bottles, in
which the temperature was raised and kept at 80°C for
10 min before cooling, were included to determine any
chemical transformations in the sediment.
Assay of N03- reduction. The capacity for N03-

reduction was determined by injection of 2.5 ml of a
0.1 M NaNO3 solution to 1 liter of sediment to give an
initial concentration of about 0.2 mM N03- in the
interstitial water. The rate of the N03- depletion was
then measured after centrifugation of subsamples and
measurement of N03 in the supernatant by an auto-
mated Cd reduction procedure (Chemlab, Horn-
church, England).

Assay of Fe3+ reduction. A technique was developed
to determine the reduction of Fe3+ to Fe2+ in the
slurries. The assay was based on a short-term extrac-
tion of Fe2+ by ferrozine, a colorimetric reagent which
forms a stable magenta complex with Fe2+ (11). A
subsample of 0.3 g of sediment was pipetted into 3 ml
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of a 0.1% (wt/wt) ferrozine solution in 50 mM N-2-
hydroxyethylpiperazine-N'-2-ethanesulfonic acid
(HEPES) buffer (pH adjusted to 7.0 with NaOH). A
rapid coloration took place, but the extraction time
was standardized to 1 min under constant mixing in a
Vortex mixer. The colored solution was then filtered
(0.45 ,um; Millipore Corp.) and assayed by its absor-
bance at 562 nm. Longer extraction times (hours) gave
higher absorbance in the filtrates, but preliminary
experiments showed that 1 min was enough to extract
the Fe2" produced by Fe3" reduction during the
experiments. The exclusion of 02 during the extrac-
tion was found to be unnecessary, apparently due to
the rapid processing and the large excess of the
ferrozine reagent.

Assay of So42- reduction. The S042- reduction rate
was determined by 35S tracer data and the S042-
concentration in the sediment (5). The 35S assay was
initiated by injecting 2 ,ul of carrier-free 35SO42- (about
3 x 106 dpm) into the slurry. At regular intervals,
subsamples of 5 g were then taken into 5 ml of a 2%
zinc acetate solution to trap any 35S-labeled sulfide
produced. The acid-volatile sulfide was later released
from the subsamples by addition of HCI under N2 and
transferred to other traps with S ml of zinc acetate
solution (5). Five milliliters of Lumagel (Lumac) scin-
tillation fluid was added before the samples were
counted in a liquid scintillation counter (Intertech-
nique SL 30). Other subsamples of the sediment were
taken into zinc acetate for a measurement of the "S
activity in the CS2-extractable fraction used for ele-
mental sulfur (S) determinations (see below). This
extraction was performed overnight with 5 ml of CS2
in stoppered glass tubes. After centrifugation, the
overlying water phase was discarded, and 1 ml of the
CS2 phase was pipetted into scintillation vials and
evaporated in the hood. The precipitate was then
dissolved in 5 ml of Lumagel scintillation fluid. Five
milliliters of distilled water was added to the vials
before they were counted in the liquid scintillation
counter. The counting efficiency of these samples was
70 to 80% of that obtained in the [35S] sulfide samples.
Finally, the analysis of 35S042- activity was per-
formed on 1 ml of supernatant obtained by centrifuga-
tion of the acidified and sulfide-free sediment. The
samples were then made up to 5 ml with distilled
water, and S ml of Lumagel was added before count-
ing.

In a separate bottle, the S042- reduction was inhib-
ited by addition of 10 ml of a 2 M Na2MoO4 solution
(pH adjusted to 7.2 with NaOH) to give a concentra-
tion of about 20mM in the bottles. This was previously
shown to give a complete inhibition of the So42-
reduction in the sediments (13). In the MoO42-_con-
taining subsamples, the HCI treatment did not release
the sulfide (13), but this problem was overcome by
incorporating a strong reducing agent, TiCl3, in the
HCI solution at a concentration of 1% (wt/wt).
The concentration of HCl-volatile sulfide was deter-

mined by the methylene blue assay (2) after a transfer
of the sulfide to zinc acetate traps as described above.
The So concentration was determined in 1- to 3-ml
portions of the CS2 extract. After evaporation of the
CS2, the S°-containing precipitate was dissolved in 5
ml of a cyanide reagent (1 g of NaCN per liter of
acetone plus water, 19:1 by volume). After cyanolysis
for 4 h at room temperature, 1.5 ml of the cyanolysate

was mixed with 1.5 ml of a ferric chloride reagent (5 g
of FeCl3 6H2O per liter of acetone plus water, 19:1 by
volume). A colored complex was formed, and the
absorbance was read at 460 nm. Details of the S5
procedure (3) were changed for assays in the sedi-
ments (H. Troelsen and B. B. Jorgensen, Estuarine
Coastal Shelf Sci., in press). A gravimetric assay (Ba
precipitation) of the SO42- was performed with filter-
sterilized samples (0.45 ,um; Millipore Corp.) obtained
by pressure filtration at 3 atm (300 kPa) (5).

Activities are given in micromoles per gram per hour
(wet sediment), and concentrations are given in molar-
ity or micromoles per gram (wet sediment).

RESULTS

The S042- concentration was about 10 mM in
the preconditioned slurries, whereas the endoge-
nous NO3 (0 to 20 ,uM) was depleted soon after
a complete anoxia was established. At this time,
the 35S042- was added to initiate the experi-
ments (zero time).

Interactions between Fe3+ and So42- reduc-
tion. Concurrent reduction of both Fe3+ and
S042- took place initially in the slurries as
shown by the accumulation of Fe2' and 35S-
labeled sulfide (Fig. 1). The subsequent addition
of 20 mM MoO42- completely arrested the
S042-_reducing activity (about 0.05 ,umol g-1
h- ); no further production of 35S-labeled sulfide
was observed. The accumulation of 35S activity
in the CS2 extract also stopped after the addition
of MoO42-, and the activity remained constant
throughout the experiment. This indicated that
the CS2-extractable 35S activity, which was
about 10% of the 35S-labeled sulfide, was pre-
sent in the organic matter rather than in So and
thus represented 35S042- assimilation rather
than 35SO produced by oxidation of the 35S-
labeled sulfide. The measured concentrations of
HCl-volatile sulfide and CS2-extractable So were
about 0.5 and 0.2 ,umol g-1, respectively, and
remained constant in the presence of MoO42-
(data not shown). The reduction of Fe3+ was not
affected by the presence of MoO42-, however,
and the accumulation of Fe2+ continued at a rate
of 0.12 ,umol g-1 h-1, similar to the activity
before the MoO42 was added (Fig. 1). The
apparent absence of sulfide-mediated Fe3+ re-
duction during this period was confirmed by the
constant radioactivity and size of the sulfide
pool.
A comparison may be made to a preliminary

experiment in which a preselection against the
S042-_reducing bacteria was performed by ex-
tending (overnight) the initial air exposure under
rigid mixing. This resulted in a 10-fold lower
level of s042- reduction, whereas the capacity
for Fe3+ reduction as well as for N03- reduction
remained high (data not shown).
The absence of Fe2+ accumulation in the

pasteurized slurry suggested that the reduction
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FIG. 1. Reduction of Fe3" in presence of MoO42- added to inhibit reduction of s042-. The 35S042- was

added at zero time, and the arrow indicates addition of 20 mM Na2MoO4. Symbols: 0, Fe2+; , HCl-volatile
[35S] sulfide; 0, CS2-extractable [35S] sulfur compounds.

of Fe3+ was directly associated with enzymatic
activity or mediated by a production of bacterial
metabolites (Fig. 2). The s042- reduction was
also stopped by the heat treatment, and the
constant sulfide pool in this experiment con-
firmed that sulfide did not interact chemically
with Fe3+ in the slurries.

Interactions between Fe3+ and N03- reduc-
tion. Addition of 0.2 mM N03- to a slurry
stopped the accumulation of both Fe2+ and 35S-
labeled sulfide, and their production was re-
sumed only after the added NO3 was depleted
(Fig. 3). Addition of 0.2 mM N02 gave a similar
effect (data not shown). A chemical oxidation of
Fe2+ by N02- has been reported (8), but no

consumption of NO2- could be detected after 2
h when 0.2 mM NO2- was added to a pasteur-
ized slurry (data not shown). The added NO3-
gave rise to only a small, transient accumulation
of NO2 of about 20 ,uM. The N03 was re-
duced at a rate of about 0.20 p,mol g'- h-1, and
after its depletion, high rates of Fe3+ and s042-
reduction were again observed. At this time, the
Fe3+ reduction was actually stimulated, and a

rate of about 0.25 ,umol g- h-1 was recorded.

Apparently, the application of NO3- had a stim-
ulatory effect on the subsequent reduction of
Fe3+, and this observation was made consistent-
ly in the slurries.
Comparison of N03-, Fe3+, and S042- reduc-

tion. Slurries from three coastal localities, which
were different in terms of water depth and
salinity, were compared to illustrate the varia-
tion of NO3-, Fe3+, and S042- reduction in the
sediments (Table 1). Though the absolute values
varied 10-fold, the capacities for reduction of
NO3- and Fe3+ were comparable at the three
localities.

DISCUSSION
Inorganic sulfide was a potential reductant for

a chemical conversion of the Fe3+, but evidence
against significant oxidation of sulfide in the
anaerobic sediment was provided by the con-
stant specific activity of the 35S-labeled sulfide
pool in the pasteurized control and in the active
slurry in which s042- reduction was stopped by
MoO42-. The nonaffected reduction of Fe3+ in
the absence of s042- reduction and the concur-
rent reduction of both Fe3+ and s042- in the
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FIG. 2. Effect of pasteurization (80°C, 10 min) on reduction of Fe3" and So42-. The 35SO42- was added at

zero time. Symbols: 0, Fe2+; , HCI-volatile [35S] sulfide;*, temperature.
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FIG. 3. Effect of N03- on reduction of Fe3+ and So42-. The 35SO42- was added at zero time, and the arrow
indicates addition of 0.2 mM NaNO3. Symbols: 0, N03-; 0, Fe2+; -, HCl-volatile [35S] sulfide.
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TABLE 1. Comparison of activities of N03-, Fe3", and S042- reduction in anaerobic slurries of marine
sediment

Salinity Reduction activity (nmol g-1 h-')Locality Depth (in) range (o/O,,) N03- a Fe3+ b S042 b

Randers Fjord 0-1 2-20 25 18 <5
Aarhus Bight 10 15-20 25 9 <5
Kysing Fjord 0-1 15-20 200 130 50

a Maximal activity after addition of 0.2 mM NO3-.
b Before addition of N03-.

noninhibited sediment indicated a lack of inter-
actions between the two processes.
The reduction of Fe3+ was stopped by the

applications of NO3- and NO2-. Komatsu et al.
(6) observed that the accumulation of Fe2+ in
anaerobic soil was retarded while N02- was
being reduced, but this was interpreted as a
stimulation of chemical Fe2+ oxidation by N02-
rather than an inhibition of the Fe3+ reduction
while the N02- was being reduced. In the
present study, a chemical Fe2+ oxidation was
not observed in the presence of NO2- in the
pasteurized samples. The present data did not
exclude, however, that biological Fe2+ oxida-
tion may occur at the expense of NO3- and
NO2- reduction, but the bacteria capable of this
reaction are yet unknown.
There were several indications of a reduction

of Fe3+ by N03--reducing bacteria. (i) A facul-
tative anaerobic nature of the Fe3+-reducing
activity was shown by the nonaffected response
to extended preaeration of the slurries. This
treatment selected strongly against the So42-_
reducing bacteria. (ii) The inhibition of the activ-
ity of Fe3+ reduction by NO3- and NO2- was in
accordance with the apparent role of Fe3+ as an
alternative electron acceptor in N03--reducing
bacteria (9, 10). If these bacteria are involved, a
preferential oxidation of the reduced compo-
nents of the respiratory chain by N03 and
NO2- may take place before Fe3+ is reduced (7).
(iii) The increased activity of Fe3+ reduction
after the treatment with NO3- suggested a stim-
ulatory effect of the N03- on enzyme activation
or growth of Fe3+-reducing bacteria.
A comparison of the capacities for NO3-,

Fe3+, and S042 reduction in three different
sediments showed that significant variation of
the activities may be found in situ. Though the
Fe3+ was abundant at all locations as judged
from the brown coloration (ferric hydrous ox-
ides) of the sediment, the capacity for Fe3+
reduction was clearly dependent on the origin of
the samples. At each locality, the activity was
comparable with that recorded for the reduction
of N03-. Though NO3- and S042- reductions
are most efficient in terms of the number of

reducing equivalents transformed per unit of
oxidant, the in situ conditions may be such that
the reduction of Fe3+ is relatively more impor-
tant than was revealed from the present assays.
At a comparable temperature (18°C), the in situ
activity of reduction of N03 to N2 (denitrifica-
tion) was low, apparently a result of the low
concentrations ofN03 in the sediments (20 p.M
or less) (14). The Fe3+ reduction may thus be
significant in the sediments where the availabil-
ity of N03 is low. The present work suggests
that the reduction of Fe3+ may constitute a
significant contribution to the mineralization in
sediments, but the in situ activity of the process
needs to be determined.

ACKNOWLEDGMENTS
The skillful technical assistance of Hartwig Klapp and

Preben Grann Sorensen is gratefully acknowledged.

LITERATURE CITED

1. Berner, R. A. 1964. Iron sulfides formed from aqueous
solution at low temperature and atmospheric pressure. J.
Geol. 72:293-306.

2. Cline, J. D. 1969. Spectrophotometric determination of
hydrogen sulfide in natural waters. Limnol. Oceanogr.
14:454-458.

3. Fliermans, C. B., and T. D. Brock. 1973. Assay of elemen-
tal sulphur in soil. Soil Sci. 115:120-122.

4. Froelich, P. N., G. P. Klinkhamer, M. L. Bender, N. A.
Luedtke, G. R. Heath, D. Cullen, P. Dauphin, D. Ham-
mond, B. Hartman, and V. Maynard. 1979. Early oxida-
tion of organic matter in pelagic sediments of the eastern
equatorial Africa: suboxic diagenesis. Geochim. Cosmo-
chim. Acta 43:1075-1090.

5. Jorgensen, B. B. 1979. A comparison of methods for the
quantification of bacterial sulfate reduction in coastal
marine sediments. I. Measurements with radiotracer tech-
niques. Geomicrobiol. J. 1:11-28.

6. Komatsu, Y., M. Takagi, and M. Yamaguchi. 1978. Partic-
ipation of iron in denitrification in waterlogged soil. Soil
Biol. Biochem. 10:21-26.

7. Lascelles, J., and K. A. Burke. 1978. Reduction of ferric
iron by L-lactate and DL-glycerol-3-phosphate in mem-
brane preparations from Staphylococcus aureus and inter-
actions with the nitrate reductase system. J. Bacteriol.
134:585-589.

8. Moraghan, J. T., and R. J. Buresh. 1977. Chemical reduc-
tion of nitrite and nitrous oxide by ferrous iron. Soil Sci.
Soc. Am. J. 41:47-50.

9. Ottow, J. C. G. 1969. Einfluss von Nitrat, Chlorat, Sulfat

VOL. 43, 1982



APPL. ENVIRON. MICROBIOL.

und Eisenoxiform und Wachstumsbedingungen auf das
Ausmass der Bakteriellen Eisenreduktion. Z. Pflanzener-
naehr. Bodenkd. 124:238-253.

10. Ottow, J. C. G. 1970. Selection, characterization and
iron-reducing capacity of nitrate reductaseless (nit-) mu-
tants of iron-reducing bacteria. Z. Allg. Mikrobiol. 10:55-
62.

11. Stookey, L. L. 1970. Ferrozine-a new spectrophotomet-
ric reagent for iron. Anal. Chem. 42:779-781.

12. Stumm, W., and J. J. Morgan. 1970. Aquatic chemistry.
Wiley Interscience, New York.

13. Sorensen, J., D. Christensen, and B. B. Jorgensen. 1981.
Volatile fatty acids and hydrogen as substrates for sulfate-
reducing bacteria in anaerobic marine sediment. Appl.
Environ. Microbiol. 42:5-11.

14. Sorensen, J., B. B. J#rgensen, and N. P. Revsbech. 1979.
A comparison of oxygen, nitrate and sulfate reduction in
coastal marine sediments. Microbial Ecol. 5:105-115.

324 S0RENSEN


