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Abetract-A combined field/laboratory study has been undertaken to explore the mineralogy, concentrations and 
reactivity (towards sulfide) of iron in marine sediments. Also considered is the importance of bacterial Fe liberation 
in regulating pore-water chemistry. Two contrasting marine environments are included, one is the relatively Fe-poor 
FOAM site and the other is the Fe-rich sediment of the subaqueous Mississippi Delta. Results show that oxide minerals 
are the most important Fe phases in early diagenetic pyrite formation. However, viewed separately, lepidccrocite and 
ferrihydrite are more reactive towards sulfide than goethite and hematite. When Fe oxides are present in relatively high 
concentrations, dissolved sulfide is nearly absent from sediment pore waters (with concomitant high concentrations of 
dissolved Fe), even in the presence of active sulfide production by sulfate reduction. A combination of experimental 
results and diagenetic modelling shows that in some sediments pore water Fe finds it origin in the bacterial reduction 
of iron oxides. This seems the case even though greater amounts of Fe are reduced by reaction of sulfide with iron 
oxides. It appears that distinct micrcenvironments may exist in marine sediments, where., in one microenvironment, 
sulfide reacts with Fe oxides locallv precipitating Fe sulfide minerals. In another, Fe reduced and solubilixed by mi- _ . 
croorganisms migrates freely into solution. - 

PITRODUCIION 

“REACTIVE IRON” MAY be defined as that fraction of iron in 
marine sediments which readily reacts with sulfide (a product 
of dissimilatory sulfate reduction) to form various iron sulfide 
minerals and eventually pyrite (BERNER, 1970; G~LDHABER 

and KAPLAN, 1974; JORGENSEN, 1977b, 1978b, LORD and 
CHURCH, 1983; RAISWELL and BERNER, 1985). In some sed- 
iments the reactivity of sedimentary iron may, in fact, limit 
the amount of pyrite that forms (JORGENSEN, 1978b; KARLIN 
and LEVI, 1985). Also, the reactivity of sulfide towards iron 
minerals may be an important control on pore water sulfide 
levels (GOLDHABER and KAPLAN, 1974; HINES ef al., 1982; 
CANFIELD and BERNER, 1987). Evidence for this comes from 
many anoxic sediments where, near the sediment-water in- 
terface, the concentration of dissolved sulfide may be quite 
low despite active sulfide production by sulfate reduction 
(HINES et al., 1982; CANFIELD and BERNER, 1987; CHANTON 

et al., 1987). 
From another perspective, bacteria have been isolated from 

both marine and freshwater sediments which can oxidize a 
host of organic substrates using ferric iron as the terminal 
electron acceptor (JONES et al., 1983; JONES, 1983; L~VLEY 
and PHILLIPS, 1986a; TUGEL et al., 1986). Iron reducing bac- 
teria are most effective when the iron source is hydrous iron 
oxide phases such as ferrihydrite (JONES, 1983; LOVLEY and 

PHILLIPS, 1986a). Hence, the metabolic activities of iron re- 
ducing bacteria may, in part, be controlled by the chemical 
nature and concentrations of reactive iron oxides. 

The present study was initiated to consider in detail the 
influence of reactive iron oxides on sediment pore-water 
chemistry. Using a carefully calibrated extraction scheme the 
depth distributions of reactive iron phases were determined 
at two very different localities; one the relatively iron-rich 
Mississippi Delta and the other, the relatively iron-poor 
FOAM site in Long Island Sound. Closed system incubations 
were used to characterize the rates of reaction between sulfide 
and both naturally occurring and pure iron mineral phases. 
Also, rates of iron liberation to pore solution were measured 

in the presence and absence of sulfate reduction, allowing 
speculation as to the origin of dissolved iron in organic-rich 
sediments. 

Site descriptions 

The FOAM site (Fig. la) is located just off of the Connecticut 
shore in central Long Island Sound and has been well discussed in 
the literature (GOLDHABER et al.. 1977; ALLER, 198Oa,b; BERNER 
and WESTRICH, 1985; KRISHNASWAMI ef al.. 1984). Briefly, the water 
depth is 9 meters, and based on “C chronologies a sedimentation 
rate of about 0.1 cm yr-’ has been assigned (KRISHNASWAMI et al., 
1984). Bioturbation and infaunal irrigation extend to about 8-10 cm 
depth (GOLDHABER et al.. 1977; ALLER, 1977), below which, pore 
water and solid phase profiles approximate a steady state, based on 
the results of reaction-advectiondiffusion models (GCILDHABER et 
al.. 1977; WESTRICH, 1983; ROUDREAU and CANFIELD, 1988). De- 
spite this steady-state behavior, from X-radiographs, sedimentation 
at FOAM may occasionally be interrupted by storm events which 
resuspend surface sediment leaving laminations and occasional shell 
lag deposits (KRISHNASWAMI et al., 1984). 

Two sites from the submarine Mississippi Delta are also included 
in the present study (Fig lb). Sta 18 (29”OO.o?r(, 89”27.9W) is located 
about I5 km northwest of the Southwest Pass discharge, and Sta I9 
(28”5O.O’N, 89”38.O’W) is about 35 km southwest ofSouthwest Pas. 
The water depth at Sta 18 is 10 meters, and sediment deposits at 
about 2 cm yr-‘. This rate is assigned from the depth distribution of 
the anthropogenic radionuclide “‘0, which is first detected (0.56 
dpm g-‘; analysis courtesy W. Graustein at Yale Univ.) in the 40- 
50 cm deep layer of sediment (proceeding from the bottom to the 
top of the core). This may be a maximum rate due to possible sediment 
mixing by benthic organisms and/or storm waves. However, 2 cm 
yr-’ is reasonable when compared to ““Pbderived sedimentation 
rates in the same area from Shakes (1976). Sta 19 is located in 75 
meters of water with a sediment accumulation rate of approximately 
I cm yr-‘, based on the proximity of this station to those studied by 
SHOKES (1976). 

METHODS 

Sample collection 

Mississippi Delta sediment was collected in November, 1984 from 
gravity cores and from subcoring box cores. To a depth of 35 cm all 
chemical analysis and sulfate reduction rate measurements were per- 
formed on box core material. For greater depths gmvity core sediment 
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FIG. I. 
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Location maos for the FOAM site (Lona Island Sound, USA) and Sta’s 18 and 19 in the Mississippi Delta 
region of the Gulf of Mexico. 

. 1 

was used, with all pore water extractions and sulfate reduction rate 
measurements beginning within 12 hours of sample collection. Sed- 
iment used for incubation experiments was also collected by box 
coring. Sediment was scooped from the box core in 3 cm depth in- 
tervals and packaged into 500 ml polyethylene bottles, which were 
completely filled. The bottles were placed in nitrogen filled plastic 
bagr. which were in turn placed into another nitrogen tilled bag. 
These samples were stored in the dark at 4°C for about I week until 
experiments could be started. 

For the FOAM site all sediment was obtained from diver-collected 
box cores. Because of the close proximity of the sampling site to the 
lab, no sediment preprocessing was required and pore water extraction 
and experiments were begun within 6-10 hours of sample collection. 

Pore waler unalysis and sul/ate reducrion rate measurements 

For gravity core sediment core liners were cut into IO-20 cm 
lengths, capped at either end and quickly transferred into a collapsible 
nitrogen-tilled glove bag. The clear plastic walls of box cores were 
ruled to the desired depths with a magic marker and the whole box 
core placed into the glove Izag. In the glove bag sediment was collected 
from the core linen or the box core with a wooden spatula. The outer 
% cm at either end of the core liners was discarded. In all cases sed- 
iment was briefly homogenized and transferred into polyethylene 
centrifuge tubes, which were completely filled. Tubes were either 
frozen for future solid phase analysis, or centrifuged at about 3OOO 
rpm for IO-20 minutes and returned to the glove bag. Here, pore 
water was extracted into plastic syringes and then filtered through 
0.45 pm Millipore filters. 

Aliquots offiltered pore water were immediately reacted in triplicate 
for total dissolved sulfide (SD. k 3%) using the methylene blue 
method of CLINE (1969). The detection limit for reagents umd on 
FOAM pore water was about 0.5 &I, and on the Mississippi Delta 
cruise the available reagent had a detection limit of about 25 pM. 
Dissolved iron (S.D. f 2%) was determined on acidified (redistilled 
HCl) pore water samples by reaction with ferrozine reagent (STOOKEY, 
1970). Pore water for iron analysis was acidified immediately on 
removal from the glove bag and analysed within 3O days. With a I 
cm cell the detection limit was about 0. I FM. Pore water sulfate was 
measured on 2-5 ml ahquots of HCI-acidified pore water by precip 
nation with BaClr, filtering, and weighing the precipitate. The pre- 
cision of this analysis ranged from between 1% and 3% depending 
on sample size and sulfate concentration. 

Sulfate reduction rates were measured at the Mississippi Delta sta- 
tions using radiolabeled ‘%-SO, and the “tube” technique of JAR. 
GENSEN (1978a) and WESTRICH (1983). Incubations were terminated 
by freezing, and radiolabeled sulfides were collected by cold acid 
distillation of the frozen sediment in a 10% SnClr/6N HCI solution 
(WESTRICH, 1983; BERNER ef al., 1979; CHANTON and MARTENS, 
1985). In the mixed redox zone near the sediment surface the tube 
technique may either somewhat overestimate rates due to enclosing 
the sediment (WWRICH, 1983) or underestimate rates because some 
of the produced sulfide may be oxidized by phases such as Mn oxides 
(J. MACKIN, pers. commun.; ALLER and RUDE, 1988). Below this 
zone “tube” rates are comparable with other measures of sulfate 

reduction such as organic carbon balance (GRILL and MARTENS, 
1987) and sulfate modelling (JORGENSEN, 1978b; WESTRICH, 1983). 

Solid phase analysis 

For all sites acid-volatile sulfide (AVS) was measured on frozen 
sediment samples using the same acid distillation asdescribed above, 
followed by iodimetric titration (analytical precision 3-58). Total 
reduced sulfur (pyrite sulfur + elemental sulfur + acid volatile sulfides) 
was distilled from either frozen or fmzedried sediment in a boiling 
chromous chloride solution (ZHABINA and VOLKOV, 1978; CAN~~ELD 
e( al., 1986). Even when easily oxidizable iron sulfide phases are 
present, all of the original reduced sulfur is still recovered using freeze- 
dried sediment (CANF~ELD et al.. 1986). The precision of this deter- 
mination was 2-32. 

Solid phase iron was divided into various fractions using a carefully 
calibrated extraction scheme. In developing this scheme the pure 
iron phases ferrihydrite, goethite, lepidocmite, hematite, magnetite, 
glauconite, nontronite, almandine garnet, hornblende, chlorite, and 
biotite were subjected to chemical leaching with a number of different 
reagents (6N HCl, IN HCI, oxalate pH = 2 and pH = 3, hydroxyl- 
amine-HCI, buffered acetic acid, and pH = 4.8 sodium dithionite). 
The silicate minerals and magnetite were obtained from the mineral 
collection at Yale, while hematite was obtained as a tine powder from 
Baker and Adamson (code 111741). Ferrihydrite, goethite and lepi- 
docrocite were all synthesized, with ferrihydrite prepared after 
SCHWERTMANN and MURAD (1983). Goethite was synthesized by 
aging a ferrihydrite preparation at pH 13 for I week at 75“C. Lepi- 
docrocite was prepared following SCHWERTMANN and THALMAN 
(1976). The purity of all minerals was checked by X-ray diffraction 
(ferrihydrite showed no discernible X-ray pattern using Cu K-a ra- 
diation). The time for complete extraction of each phase was estab- 
lished, as well as the ability of each extractant to preferentially remove 
iron phases. 

In brief, using freeze-dried sediment, ferrihydrite (approx. Fe(OH)3) 
and lepidocrocite (7FeGGH) were completely extracted using 0.2 M 
ammonium oxaiate solution (adjusted to pH = 2) for 2 hours at 
rcnom temperature. This combination of extractant and time left goe- 
thite (aFeOOH), hematite (Fe,O,) and iron-containing silicate min- 
erals unaffected. Magnetite (Fe30,) is also extracted by oxalate, but 
was removed from all sediment samples with a strong magnet (CAN- 
FIELD and BERNER, 1987). A buffered (pH = 4.8 for I hour at room 
temperature) citratedithionite solution was used to remove all of the 
major iron-oxide phases, while liberating only minor amounts of 
iron from iron-containing silicates (except nontronite, whose iron 
was completely extracted; see CANF~ELD, 1988; and HEATH and DY- 
MoND, 1977). Based on replicate analysi$ the precision of the oxalate 
and dithionite extractions was about 3--Q%. Also. FOAM sediment 
from several depths below 2 meters (dissolved sulfide of about 6 mM) 
was used to establish “background” values for the dithionite and 
oxalate extractions because, at these depths, all iron oxide minerals 
should have reacted to form iron sulfides (see CANF~ELD and BERNER, 
1987, and below), and any extracted iron comes from iron contained 
in silicates. The background values obtained were subtracted from 
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all dithionite and oxalate results. It should be mentioned that any 
sedimentary “amorphous” ironcontaining silicates may be extracted 
by the “iron oxide specific” extractions mentioneil above. The amount 
of iron bound as “amorphous” silicates in marine sediments is un- 
known, and as will be seen, if such phases exist they behave chemically 
similar to the iron oxides. 

The difference between dithionite-extracted iron and oxalate iron 
is termed “crystalline iron oxides” and includes the iron phases gee 
thite and hematite. The iron distributed into sulfide phases was cal- 
culated using measured solid-phase sulfide concentrations and the 
appropriate stoichiometries for pyrite (Fe$) and AVS (Fe?% this as- 
sumes that grrigite, Fe& is a minor component of AVS). On freeze- 
drying and sitting, iron bound as acid volatile sulfides (AVS) oxidizes 
quantitatively to oxalate and dithionite extractable iron phases 
(CANFIELD, 1988). Thus, subtracting AVSassociated iron from the 
oxalate results gives the original sediment concentrations of Iepido 
crocite and ferrihydrite, which is termed “easily extractable” iron. 
Total iron was determined by sequential attack of sediment samples 
with aquaregia, HF and lastly H,SG, . For all solid phase iron deter- 
minations liquid extracts were analysed by flame atomic absorption. 
A complete discussion of the extraction procedure may be found in 
CANFIELD (1988) and CANFIELD (in preparation). 

Solid phase Mn was extracted using I M hydroxylamine-HCI in 
25% v/v acetic acid (CHESTER and HUGHES, 1967; TESTIER ef al., 
1979). As recommended by TE-SSIER et al. (1979) an extraction time 
of 6 hours at room temperature was used. This procedure removes 
Mn bound in oxides, carbonates, and probably some Mn from silicate 
minerals. 

Iron liberation experiments 

Rates of iron liberation to interstitial solution were measured for 
each site in the absence of sulfate reduction, with sulfate reduction 
inhibited by adding Na*MoG, to a final concentration of 20 mM 
(SALEH d al., 1964; OREMLAND and TAYLOR, 1978; WRENSON, 
1982; BANAT and NEDWELL, 1984; BANAT a al.. 1983; TUGEL er 
al., 1986). For the Mississippi Delta sites sediment was homogenized 
with molybdate (in a nitrogen-filled glove bag) and packaged into 50 
ml prcpasteutized polyethylene centrifuge tubes. Each tube was sealed 
with a bead of silicone cement, and in groups of IO, tubes were placed 
into nitrogen purged Ziplock plastic bags and completely buried in 
sulfide-rich salt marsh sediment (to trap any atmospheric & before 
it could reach the tubes). At appropriate times tubes were collected 
and pore water iron analysed. Ziplock bags were repurged with N2 
before reburying. 

At FOAM about 300 ml of sediment from each sediment layer 
was homogenized with molybdate (20 mM) and placed in a 600 ml 
pyrex beaker. Matching petri dishes were fit to cover the sediment 
leaving less than a I mm gap between the petri dish and the wall of 
the beaker. Beakers were covered with plastic wrap and placed into 
a plastic bag, which was maintained within a larger glove bag under 
a constant flow of nitrogen gas. The time course of dissolved iron 
concentration was monitored by subsampling the beaken at appro- 
priate times. For the FOAM incubations a control set of Hgt&poi- 
soned sediment was also monitored, as well as sulfide-rich sediment 
(4 mM) from depth at FOAM to check for sulfide loss by oxidation 
and degauing. 

Unamended sediment incubahons 

For all sites unaltered (no molybdate or HgC12) sediment was in- 
cubated This means that sulfate reduction was allowed to occur, and 
concentrations of dissolved pore water iron, sulfide, and sulfate were 
monitored with time. The experimental procedure for each site was 
the same as that described for the iron liberation experiments. A 
separate set of longer incubations was also run on FOAM sediment. 
For these incubations individual glass centrifuge tubes were filled 
with sediment, capped with teflon lined plastic Caps. sealed with silicon 
cement and placed in a nitrogen atmosphere. Control tubes containing 
dissolved ferrous Fe and others containing H2S (both at pH = 7.5) 
were also processed. Glass tubes were used because noticeable HIS 
degassing was observed when sulfide-rich sediment was contained in 
well sealed plastic containers. All sediment incubations (including 
the iron liberation experiments) were conducted at 2 I + 1’C. 

Sul’de uptake experiments 

Relative rates of sulfide uptake were determined for synthetic fer- 
rihydrite, goethite, lepidocrocite, and fine-gmined reagent hematite 
(preparation of synthetic minerals d&uased pieviousIy). In a nitrogen: 
filled glove bag an I I mM solution of Hfi at pH = 7.4 was added 
to about 80 mg of each mineral in a glass centrifuge tube. The tubes 
were capped with teflon lined plastic caps, and aRer 4 hours, the 
reacted solutions were filtered through 0.22 p Millipore filters. Five 
ml’s of filtrate were fixed as ZnS in a 3% w/v solution of Zn acetate 
in 10% v/v ammonium hydroxide. Sulfide concentration was deter- 
mined by iodimetric titration. Control tubes containing sulfide so- 
lution and no iron minerals were run through an identical procedure. 

RESULTS 

Sediment chemistry 

FOAM 

Rates of sulfate reduction are presented in Fig 2a (data 
from WESTRICH, 1983; and BERNER and WESTRICH, 1985), 

and plotted in Fig. 2b are the distributions of pore water iron 
and sulfide obtained From summer box cores. These data are 
comparable to summer FOAM results reported by GOLI% 
HABER et al. (1977) and ALLER (1980b) and similar to other 
anoxic marine sediments (ALLER, 1980; ELDERFIELD et al., 
1981; BRICKER and TROUP, 1975; LINDSTR~M, 1980; MUR- 
RAY el al., 1978; HINES and JONES, 1985). Depth distributions 
of solid phase acid-volatile sulfur and total reduced sulfur 
are shown in Fig 2c. These data are similar to previously 
repotted solid phase sulfur data for the FOAM site (ALLER, 
1977; WESTRICH, 1983; GOLDHABER et al., 1977). 

The depth distributions of iron sulfide saturation at FOAM 
are shown in Fig. 2d. The following equilibrium relations 
were used: 

b 

d 

PK. 2. Rates of sulfate reduction, pore water chemistry, solid phase 
sulfur distributions, and iron sulfide saturation for surticial FOAM 
sediment. Iu Fii 2d IAP refers to the ion activity products for Eqns. 
(I) and (2) in the text. 
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b 

FK. 3. Sulfate reduction rates, pore water iron, and solid phase 
sulfur distributions at Sta 18 in the Mississippi Delta. Dissolved sulfide 
is not shown because its concentration was below detection both 
chemically and by smell (see text for details). 

Fe2+ + HS ++ FeS + H’ (1) 

So + 3Fe2’ + 3HS - Fe& + 3H’ (2) 

where FeS refers to either “amorphous” iron sulfide or 
mackinawite, and Fe& is the mineral greigite. The data from 
Fig. 2b is combined with sediment pH (-7.5; a complete 
data listing can be found in CANFIELD, 1988: or is available 
from the author on request), equilibrium constants from 
EMERSON et al. (1983; recalculated from BERNER, 1967) and 
activity coefficients from the Davies Equation (ye = 0.23; 
-rHS- = 0.7). Complexation of dissolved iron has been ignored, 
and for inorganic anions may not be significant (DAVISON\;, 

1979). Organic complexation may be more important, but 
as yet, has not been adequately quantified (STUMM and 

MORGAN, 1981). 

Mississippi Delta sites 

Sulfate reduction rates are shown in Figs. 3a and 4a, with 
dissolved pore water iron plotted in Figs. 3b and 4b. At both 
Delta sites dissolved sulfide was not detected either chemically 
(at ~25 PM to a depth of 50 cm) or by smell (sensitive to a 
few PM) to the full depth of coring. The depth distributions 
of acid volatile sulfide (AVS) and total reduced sulfur are 
shown in Figs. 3c and 4c. Since sulfide was below detection 
and sediment pH was not measured, iron sulfide saturation 
could not be determined. 

Solid phase iron and manganese distributions 

Solid phase iron, in its various forms, is shown for all three 
sites in Fig. 5: with data summarized in the Appendix. Pre- 
sented in Fig. 5 is the cumulative percent of total iron for 
the different iron phases, which factors out dilution effects 

such as by CaCO,. At FOAM suspended sediment was col- 
lected with a large Nisken bottle, and iron and sulfur analysis 
for this sediment are also presented in the Appendix. It is 
noteworthy that the suspended sediment contained reduced 
sulfur (by chromium-reduction), which is probably present 
as pyrite and likely has its origin in resuspended surface sed- 
iment. The results for solid phase Mn extracted by hydrox- 
ylamine-HCl are given in Table 1. 

C’namended sediment incubations and sulfide 

uptake e.rperiment 

Unamended incubations on Mississippi Delta and FOAM 
sediment are shown in Figs. 6 and 7, respectively. Control 
experiments (not shown) using sulfate free, sulfide rich FOAM 
sediment showed no sulfide losses. No iron or sulfide controls 
were run with the Mississippi Delta experiments, but due to 
the extreme precautions to exclude oxygen, oxidation artifacts 
seem very unlikely. 

Results for long-term FOAM incubations are shown in 
Fig. 8. For most depth intervals well-defined trends in sulfate 
reduction rates (sulfide production rates) were not observed. 
This is because different rates of sulfate reduction occurred 
in the individual incubation tubes, resulting from the un- 
avoidable inclusion of macrobenthos in some tubes and not 
in others. The utility of this data set, however, does not require 
well defined rates of sulfate reduction. 

Results for the sulfide uptake experiment are given in Table 
2. For all incubations measured dissolved sulfide concentra- 
tions are maximum values because a small amount of black 
FeS was observed to pass through the 0.22 p filters. This was 
most pronounced for the ferrihydrite and lepidocrocite in- 
cubations where, despite measurable dissolved sulfide, no 
sulfide was detected by smell. For the hematite and goethite 
incubations the amount of FeS that passed through the filters 
was much less. Added to the results in Table 2 is the obser- 
vation that at the start of the experiment the lepidocrocite 
and ferrihydrite tubes turned jet-black within I minute of 

FIG. 4. Sulfate reduction rates, pore water iron, and solid phase 
sulfur at Sta 19 in the Mississippi Delta. As at Sta 18 the concentration 
of dissolved sulfide was below detection. 
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FIG. 5. Depth distributions of solid phase iron at the FOAM site 
and Sta’s 18 and 19 in the Mississippi Delta, plotted as per cent of 
total iron. Each marked region represents a different iron “phase,” 
and the width of each region (at any depth) is the per cent of total 
iron for a given phase. 

adding the HIS solution, whereas the hematite and goethite 
tubes blacked very slowly. 

Iron liberation experiments 

Results from the FOAM iron liberation experiments are 
shown in Fig. 9, and for the Delta stations, Fig. 10. In control 
experiments on FOAM sediment (data not shown) no inhi- 
bition of iron liberation was observed with the addition of 
HgC&. However, for the O-2 cm control experiment pas- 
teurization at 75°C for 1 hour caused nearly complete in- 
hibition of iron liberation. 

Field results 

DISCUSSION 

Pore water and solid phase distributions may be used to 
explore the relative reactivities of various solid phase iron 

species toward sulfide and the importance of “reactive” iron 
in controlling pore-water chemistry. For example, in the up 
per sediment layers at both the FOAM site and the Mississippi 
Delta stations dissolved pore water iron persists, with con- 
comitant low concentrations of dissolved sulfide, despite ao 
tive sulfide production by sulfate reduction (Figs. 2, 3 and 
4). At all of these stations low concentrations of dissolved 
sulfide are observed at depths where, based on chemical ex- 
traction results, iron oxides are present (Fig. 5). This obser- 
vation reinforces the suggestion of GOLDHABER and KAPLAN 
(1974) that low concentrations of sulfide in surhcial marine 
sediments may result from the rapid reaction between dis- 
solved pore water sulfide and reactive iron minerals. Also 
supporting this observation is the sulfide uptake experiment 
(Table 2) where very rapid reaction was observed between 
sulfide and ferrihydrite and lepidocrocite, with significant re- 
action between sulfide and goethite and hematite. Similarly, 
P/ZIK and SOMMER (1981) observed very rapid reaction be- 
tween an amorphous iron oxyhydroxide (analogous to fer- 
rihydrite) and sulfide. These. authors also noted a more mod- 
est, but significant reaction rate between goethite and sulfide. 

It is important that in marine sediments iron may not be 
the only reactive species towards sulfide. Notably, BURDIGE 
and NEALSON ( 1986) and ALLER and RUDE ( 1988) have doc- 
umented that rapid reaction may occur between Mn-oxides 
and both dissolved and solid-phase sulfides. From chemical 
extraction results (Table I) elevated Mn concentrations, re- 
flecting surface Mn-oxide enrichments (ALLER, 1980b; TRE- 
FRY and PRESLEY, 1982; SUNDBY and SILVERBERG, 1985), 
are observed in the top 2-3 cm at all stations. Below, con- 
centrations stabilize to rather constant “background” values, 
which include Mn in carbonate, Mn extracted from silicates, 
and residual Mn-oxides not as easily reducible as those in 
the surface layer. Compared to iron oxide concentrations 
(0.16-I wtl; see Appendix) the surface enrichments in Mn 
oxides (0.01 to 0.025 wt%; Table 1) are not large; however, 
depending on the relative reactivities of the different oxide 
phases towards sulfide, they may compete with iron for re- 
action with sulfide. It seems unlikely, though, that below 2- 
3 cm depth (for the sites studied here) Mn oxides are an 
important reactant for dissolved sulfide. An additional sulfide- 
reactive species is organic carbon compounds (NISSENBAUM 
and KAPLAN, 1972; FRANCOIS, 1987). However, based on 
the gradual enrichments in the concentration of organic sulfur 
with depth in anoxic sediments (FRANCOB, 1987) the reaction 
rate is apparently very slow. 

At FOAM solid phase iron oxides become exhausted at 
about 7-10 cm depth (Fig. 5a), below which, the concentra- 
tion of dissolved sulfide begins to increase (Fig. 2b). As men- 

Table 1. Mn Rcruhs 
_ 

m4kP slala SlaB 

Dcph (cm) Mn (ppm) Dcplh km) Mn (ppm) kplh (cm) Mn (ppn) 

o-2 
2.4 
4-6 
6-9 

9-12 
60.70 

17x &2 637 o-3 
104 2-4 559 3-6 
103 4.6 489 6-Y 
;: 6-9 9.12 436 436 IS-20 9-15 

RX 12.15 404 20.30 
15-20 371 
25.30 403 

754 
46u 
451 
465 
491 
4Y8 

a xdmcnt fmn 



624 D. E. Canfield 

FOAM 

FIG. 7. Results from the short-term unamended incubations on 
FOAM sediment. Shown are the amounts of sultide produced (graphs 
on left, based on sulfate deficits as for the Mississippi Delta experi- 
ments), and the concentrations of dissolved sulfide and iron (graphs 
on right) in the sediment pore waters. 

tioned, at the two Mississippi Delta stations solid phase iron 
oxides are present at high concentrations to the depth of 
sampling (Figs. 5b.c and Appendix), and dissolved sulfide 
was not detected either chemically at >25 PM or by smell in 
sediment pore waters. These results demonstrate that in ma- 
rine sediments supporting sulfate reduction, the presence or 
absence of dissolved sulfide is a sensitive indicator as to the 
presence of reactive iron oxides. 

At Sta’s 18 and I9 sulfur-bound iron phases (pyrite + AVS) 
appear to form at the expense of the “easily extractable” iron 
oxides, which decrease in concentration with depth (Figs. 
5b,c and Appendix), leaving the more crystalline iron oxides 
largely una.tkted. This means that in a sequence of reactivity 
the “easily extractable” iron phases ferrihydrite and lepido- 
crocite are more reactive towards sulfide than the “crysWine” 
oxides goethite and hematite. This observation is substanti- 
ated by laboratory results (Table 2) where ferrihydrite and 
lepidocrocite react much faster with sulfide than goethite and 
hematite (see also experimental results of PYZlK and SOM- 
MER, 198 I). 

RG. 6. Results from the unamended incubations on Mississippi 
Delta sediment (Sta’s 18 and 19). In these experiments sulfate re- 
duction was allowed to occur. Shown are the amounts of sulfide 
produced (hased on sulfate deficits from original starting values) and 
the concentrations ofdissolved iron mcesumd in sediment pon waters 
as a function of time. For all depth intervals diilved sulfide was 
below detection (4.5 PM). 
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FIG. 8. Results from the long-term incubations on FOAM sediment. 
Filled circles are the measured concentrations of pore water sulfide 
during the course of the experiment. The open symbols are the 
amounts of sulfide produced based on the measured deficits in the 
concentration of pore-water sulfate. 

With the complete consumption of iron oxides at FOAM 
by 7-10 cm (Fig Sa) it is clear that with enough time (sedi- 
mentation rates at FOAM are lo-20 times slower than for 
Sta’s 18 and 19) and measurable sulfide concentrations (Fig. 
2b). all of the major iron oxide phases are used in early iron 
sulfide formation. Magnetite, a minor iron oxide component 
of marine sediments, pzrsis& through this zone (see CANFIELD 

and BERNER, 1987). From Fig. Sa the sum of oxide-iron and 
sulfur-bound iron remains relatively constant, perhaps in- 
creasing slightly, through the top 12 cm. The proportion of 
iron bound as iron oxides and sulfides in suspended sediment, 
which is probably a reasonable sample of sediment depositing 
at FOAM, is also very similar to that found in the top I2 
cm (see Appendix). These results suggest that at FOAM, early 
iron sulfides form mostly at the expense of iron oxides (sup 
potting the suggestions of others; BERNER, 1969; GOLDHABER 

and KAPLAN, 1974; JIZIRGENSEN, 1978b), with no evidence 
for the substantial involvement of iron-containing silicate 
minerals. 

Unamended sediment incubations 

Short-term incubations. Sediment incubations allow the 
effects of sulfate reduction on sediment chemistry to be con- 

Table 2. Sdfde Uptie Experiment 

klincd MeaJud Sulflds A S&id&’ 
bw ww 

FUlihybiO 1.92 8.83 

gtigy 8.04 1.38 9.31 2.71 
HemKite 8.88 1.87 
lkmali& 8.70 2.05 
calilul 10.80 
cinvml 10.70 

- 
a rub-l& mpswtd in solution after 4 hours of lraclmn 
b change in disokd rulf& fmm mrdng cmccmaticm 

C duplicate ezqaiment 

RG. 9. Results from the iron liberation experiments on FOAM 
sediment. In this experiment sulfate reduction was inhibited by the 
addition of sodium molybdate to a final concentration of 20 mM. 
Incubation temperature was 2 I+ I “C. Presented also are the average 
rates of iron liberation for each depth interval. 

sidered in the absence of biotubation and irrigation by benthic 
fauna. Organisms may complicate the interpretation of pore- 
water chemistry by introducing bottom-water oxygen into 
the sediment, which, in addition to reduced iron (and man- 
ganese) phases, may also react with and oxidize dissolved 
and solid-phase sulfides. For the Mississippi Delta sites sed- 
iment incubations (Fig. 6) mimic the field results, where, 
dissolved iron was always present in high and generally in- 
creasing concentrations despite active sulfide production by 
sulfate reduction. In all of the incubations dissolved sulfide 
was undetectable at less than 0.5 PM. Together these obser- 
vations reinforce the notion that in marine sediments the 
rapid reaction between dissolved sulfide and ‘Yeactive” iron 
oxides (and possibly Mn-oxides in the topmost sediment) 
effectively buffers the concentration of sulfide to low levels, 
allowing the build-up of dissolved iron. Such a build-up, 
however, may not go unchecked; at Sta 18 dissolved iron is 
removed from solution below 15 cm (Fig. 3b), and at Sta 19, 
below 6 cm. It is possible that removal occurs by saturation 
witb and precipitation of some iron sulfide phase, especially 
a phase with a low solubility (such as greigite or pyrite?). Due 
to the low concentration of HIS at these sites, equally possible 
is precipitation of non-sulfide authigenic phases such as sid- 
erite (FeC03) and vivianite (FeJ(P04h * 8H20, see MARTENS 

et al., 1978). Unfortunately, without pH values saturation 
with these phases could not be explored. 

Short-term FOAM incubations (Fig 7) showed that, for 
the first 24-48 hours after enclosing the fresh sediment, levels 
of dissolved sulfide stayed relatively constant and similar to 
starting values, even with rapid sulfide production. These 
results suggest that in situ at FOAM, the concentration of 
dissolved sulfide is controlled by the balance between sulfide 
production and reaction with a very reactive solid phase; likely 
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FIG. 10. Iron liberation experiments (molybdate added, no sulfate 
reduction) in sediment from the Mississippi Delta. For Sta 18 du- 
plicate experiments were performed, with the second experiment 
(triangles) beginning 1 week after the first (circla). Also presented 
are average rates of iron liberation. 

a poorly crystallized iron oxyhydroxide (or Mn oxide in the 
top 2 cm). The concentration of this reactive phase is very 
small and when, during the course of the experiment it be- 
comes consumed, the concentration of sulfide builds. The 
new, higher, sulfide levels result from the balance between 
sulfide production and reaction with a less reactive iron phase. 
The higher sulfide levels cannot be due to simple sulfide ad- 
dition to solution (by sulfate reduction), because for ah depths, 
during the course of the experiment, 20-2000 times more 
sulfide was produced by sulfate reduction than was added to 
solution. 

Similar to the Mississippi Delta incubations, for the O-2 
cm FOAM incubation dissolved pore-water iron increased 
at a steady rate. However, after day 2, iron began to decrease 
in apparent response to rising H2.S levels. Saturation state 
calculations (using values from Fig. 7 and a measured sedi- 
ment pH of 7.5) show that after day 2 dissolved Fe and H2S 
maintained equilibrium with amorphous FeS (average IAP 
= 10-3,“, compared to ksp = 10e3.“’ for amorphous FeS; ksp 

values from EMERSON d al., 1983). For the 2-4 and 4-6 cm 
incubations dissolved iron responded to changing sulfide lev- 
els throughout the incubation, maintaining apparent satu- 
ration with mackinawite (average IAP of lo-‘.‘” compared 
to ksp of 10m3 M for mackinawite), similar to freshly collected 
FOAM sediment (Fig. 2d). No iron analysis were made for 
the 4-6 and 6-9 cm incubations. 

Long-term incubations. Similar to the short-term results, 
for the long-term FOAM incubations (Fig. 8) sulfide was ini- 
tially reacted from solution. However, for all depth intervals 
below 2 cm sulfide reaction with the solid phase ceased, and 
continued sulfate reduction simply added sulfide to solution. 
Sulfide build-up in pore solution signaled the complete con- 
sumption of reactive iron oxide phases; at least those phases 
reactive on the time scale of several weeks. For the O-2 cm 
interval reactive iron (plus reactive Mn oxides) was present 
in excess to the sulfide produced during the experiment. 

If it is assumed that iron is the most important reactant 
for sulfide in the long-term incubations, then, with the re- 
action stoichiometry between solid phase iron and dissolved 
sulfide, the concentration of reactive iron oxides can be cal- 
culated. The reaction stoichiometry could not be directly de- 
termined; however, in controlled laboratory experiments 
PYZIK and SIMMER (1981) found that at near neutral pH 
the reaction between H2S and goethite produced ferrous sul- 
fide and elemental sulfur as the major reaction products: 

2FeOOH + 3HrS + 2FeS + So + 4HzO. (3) 

Subsequent reaction between elemental sulfur and iron 
monosulfides to produce pyrite does occur in marine sedi- 
ments, but is probably slow on the time scale of the present 
sulfide uptake experiments (BERNER, 1970). The concentra- 
tions of reactive iron oxides are approximated, then, by com- 
bining the reaction stoichiometry from Eqn. (3), with sedi- 
ment water content and sulfide deficits using the following 
formulation: 

wt% Fe = [AS X (mass,,,I/mas&I,d) 

where: 

X I/p,, X 2/3 X 55.9]100 (4) 

wt% Fe = weight per cent reactive iron in FOAM 
sediment 

maqJm*I,d = mass of pore water in grams, per gram of 
solid 

AS = difference between the concentration of 
sulfide measured in solution and that ex- 
pected based on sulfate deficits (units of 
moles cme3 of solution) 

pw,, = density of pore water at 20°C. approxi- 
mated as 1 g cm-’ 

YI = factor (from Eqn. 3) converting moles of 
HIS consumed to moles of Fe reacted 

55.9 = molecular weight of Fe. 

The results from several long-term incubations are shown 

in Fig. 11, with the depth distribution of reactive iron com- 
parable to extraction results (Fig. 5a and Appendix). This 
similarity is encouraging and strongly suggests that chemical 
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RG. I I. The distribution of “reactive iron” with depth at the FOAM 
site calculated from the experiments described in Fig. 8 (see. text for 
calculation details). 

extractions can quantitatively extract sulfide-reactive iron 
oxide phases. 

Iron oxide rejuvinadon 

An interesting issue is the dynamic nature of iron phases 
in surfGal marine sediments. From the sulfate seduction rates 
in Fig. 2a and the iron oxide concentration data in the Ap 
pendix, iron oxides in the O-2 cm depth interval at FOAM 
should be completely converted to iron sulfides in about 1 
year. For sediment between 2- 12 cm depth complete con- 
version would take between 2-6 weeks. The upper 12 cm 
represents 100 years of deposition, so, to maintain any re- 
active iron oxides it is necessary to cycle iron rapidly between 
reduced (sulfide) and oxidized (oxide) phases. Such cycling 
is driven by benthic organisms, which, through sediment 
burrowing and irrigation mix oxidants (such as oxygen and 
Mn oxides) into the sediment, oxidizing iron sulfides (ALLER, 
1980a.b; ALLER and RUDE, 1988). Appreciable sulfide oxi- 
dation at FOAM is consistent with the sulfur mass-balance 
of BERNER and WESTRICH (1985) who calculate that in the 
top 12 cm about 9096 of the sulfide produced by sulfate re- 
duction is oxidized and lost from the sediment. At the Delta 
sites considerable sulfide oxidation also occurs, with about 
70% of the sulfide produced by sulfate reduction at Sta 18 
becoming reoxidized and about 90% at Sta 19. So, for all 
sites, sulfide oxidation is important in rejuvenating iron ox- 
ides, which in turn exerts an important control on pore-water 
chemistry. ALLER et al. (1986) report that sediment distur- 
bance may also be important in affecting pore-water chemistry 
in Amazon inner-shelf muds. 

Iron liberation and the origin of pore-water iron 

For all sites iron liberation to pore solution was observed 
in the absence of sulfate reduction (Figs. 9 and 10, and also 
results from !&SRENSEN, 1982; JONES et al., 1983; TUGEL et 
al., 1986; ALLER et al., 1986; LOVLEY and PHILLIPS, 1986a,b). 
In marine and freshwater sediments where sulfate reduction 
is either lacking or inhibited, iron may be liberated to solution 
from the bacterial reduction of iron oxides. Evidence for this 
comes from the inhibition of iron liberation by bacterial poi- 

sons (BROMFIELD, 1954; JONES et al., 1983; TUGEL et al.. 
1986), by sediment pasteurization (BROMFIELD, 1954; !W- 
RENSEN, 1982; JONES, 1983; JON= et al., 1983), and the fact 
that pure cultures of iron reducing bacteria are isolated from 
a wide range of anoxic marine and freshwater sediments 
(LOVLEY and PHILLIPS, 1986a,b; JONES ef al.. 1983; TUGEL 
et al., 1986). 

In the present study the poison HgC12 did not inhibit iron 
liberation in FOAM sediment; however, sediment pasteuri- 
zation of FOAM O-2 cm sediment for I hour at 75°C dra- 
matically reduced iron liberation rates. Reduced rates were 
observed even though, as a result of pasteurization, dissolved 
organic carbon concentrations rose from 70 mg 1-l to 7.50 
mg I-‘. This demonstrates that substantial iron liberation to 
pore solution may not result from reaction between ambient 
dissolved organic compounds and iron oxides as suggested 
by BERNER (1969). The pasteurization results, then, support 
a bacterial control on iron liberation, whereas the ineffec- 
tiveness of HgC12 would not. This discrepancy could result 
from the possible removal of Hg from solution as a metal 
sulfide precipitate or the reduced efficiency of HgC& as a 
bacteriacide in the presence of high concentrations of organic 
compounds (F%LCZAR and REID, 1965). Hence, although not 
unambiguously demonstrated, from the present pasteuriza- 
tion results and the results of others, bacterial iron reduction 
seems the most likely source for dissolved iron in sediments 
where sulfate reduction is absent. 

Measured rates of iron liberation (Figs. 9 and 10) for both 
the Mississippi Delta sites and FOAM are a strong function 
of depth. (Note that the term iron liberation is used instead 
of iron reduction because some of the iron reduced in these 
experiments may adsorb onto sediment particles, causing a 
potential underestimate of actual iron reduction rates). At 
FOAM rates range between 13.2 mM yr-’ in the surface sed- 
iment layer (O-2 cm) to 0.16 mM yr-’ by 6-9 cm. For the 
Delta sites, over a similar depth interval, rates vary by about 
a factor of ten, with surface rates similar, but somewhat lower 
than at FOAM. The reduced rates below about 4 cm at FOAM 
probably result from a lack of reducible ferric iron oxides 
(Figs. 5a, 11, and Appendix). The strong depth dependence 
of iron liberation rates at the Delta sites is not as clear, as by 
chemical extraction, abundant “easily extractable” iron ox- 
ides are present (Figs. Sb,c, and Appendix). LOVLEY and 
PHILLIPS (1986b) also observed very little iron reduction at 
depths in freshwater sediments where ox&ate extractable iron 
oxides were still available. At Sta’s 18 and 19 sulfate reduction 
rates remain relatively high through the top 12 cm suggesting 
that metabolizable organic substrate is available. It could be 
that differences in iron mineralogy exist that are not reflected 
in the extraction results. For example, the oxalate extraction 
cannot distinguish ferrihydrite from lepidocrocite and says 
nothing of grain size. Also possible is that other bacterial 
populations outcompete iron reducing bacteria. 

For all incubations on Mississippi Delta sediment, and for 
the O-2 cm depth interval at FOAM, rates of iron liberation 
are similar in the presence and absence of sulfate reduction 
(due to low concentrations of reactive iron beiow 2 cm at 
FOAM, sulfide and not iron accumulated in the unamended 
sediment incubations). This is shown in Fig. 12 where rates 
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FIG 12. Rates of iron liberation in the presence of sulfate reduction 
(Figs. 6 and 7) compared to the tates in the absence of sulfate reduction 
(Figs. 9 and IO). Data is from Sta’s 18 and 19, and the O-2 cm depth 
interval at FOAM. 

of iron liberation in the absence of sulfate reduction are plot- 
ted VS. rates in the presence of sulfate reduction (data from 
Figs. 6, 7, 9 and 10). It would seem, then, that in surfrcial 
marine sediments with abundant reactive iron, the dissolved 
iron that accumulates in the presence of sulfate reduction 
(Figs, 2b, 3b and 4b) may be of the same origin as that pro- 
duced when sulfate reduction is inhibited; in other words, 
likely from bacterial iron reduction. 

This argument is complicated by the fact that in the un- 

amended sediment incubations iron reduction also occurred 
by reaction of sulfide with iron oxides. The amount of oxi- 
dized iron reduced by sulfide in the short-term unamended 
sediment incubations is computed using the reaction stoi- 
chiometry in Eqn. (3) and assuming iron oxides are the only 
reactant for sulfide. In Table 3 these results are compared to 

the amount of dissolved iron that actually migrated into so- 
lution. It is clear that iron reduction is dominated by reaction 
with sulfide and hence, it becomes difficult to imagine dis- 
solved iron as originating by another means. Required, how- 
ever, is that the trend in Fig. 12 (see also WRENSEN, 1982; 
and TUGEL et al., 1986) is only fortuitous, which also seems 
unlikely. 

These apparently disparate results can be reconciled by 
allowing that distinct microenvironments exist in marine 
sediments (e.g. EMERY and RKTENBURG, 1952; JORGENSEN, 

1977a; JAHNKE, 1985), where, in one microenvironment the 
iron reduced by microorganisms migrates freely into solution. 
In another, the sulfide produced by sulfate reduction reacts 
with iron oxide minerals, reducing iron which is immediately 
precipitated as FeS by another sulfide ion (essentially Eqn, 
3). This explanation is speculative and should perhaps be 
viewed as a working hypothesis. However, the existence of 
microenvironments in marine sediments does not seem un- 
reasonable in that competition must certainly exist between 
bacterial populations for organic substrate, and in the case 
of iron reducing bacteria, for oxidized iron surfaces (TUGEL 

et al,. 1986; JONES et al., 1983; MUNCH and O-I-TOW, 1982). 

Pore-water iron model 

It is suggested above that in some anoxic marine sediment 
pore waters dissolved iron originates from iron liberation re- 
actions which are likely mediated by bacteria and unrelated 

Ii)AM 
II ?b 

to sulfide reaction with iron minerals. This assertion is tested 
by predicting iron profiles from iron liberation rate data and 
comparing to the actual iron profiles. Pore-water iron profiles 
may be predicted using the following diagenetic expression 
(see BERNER, 1980): 

dC/dt = iwTlax2 - k3cjax-t R (5) 
where: 

C = concentration of dissolved iron (mM 1-l) 
t = time (years) 

D = sediment diffusion coefficient for iron 
w = sediment burial rate (cm yr-‘) 
x = sediment depth (cm) positive downwards 
R = depth distribution of iron liberation rates (mM yr-‘), 

which is given by: 

R = Ae-“‘I” + Be-“‘- (6) 

with values of A, B, ml and m2 given in Table 4 (the double 
exponential is used to obtain a better fit to the iron liberation 
data). 

The model neglects compaction and precipitation of iron 
above what may have occurred during the course of the iron 
liberation experiments. Adsorption is also not written into 
the equation. The e&et of adsorption is to divide the diffusion 
coefficient D in Eqn. (5) by the term I + K(BERNER, 1980) 
with K the adsorption constant for iron (R is not divided by 
1 + Kbecause measured iron liberation rates are net rates of 
addition to pore solution and as such, have already been 
modified by adsorption). Unfortunately no K values for iron 
have been measured for marine sediments. If steady-state 
diagenesis is assumed, then, dC/dt = 0. Modelling will only 
be attempted at Sta’s 18 and 19 because at FOAM, the iron 

‘fable 4. Model Pwameferr 
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liberation experiments are at too course an interval for a 
reasonable prediction of the dissolved iron profile. Also, it is 
important that the iron liberation experiments were incubated 
at nearly the same temperature as ambient Mississippi Delta 
sediment at the time of collection (2 1 f 1 “C). 

Equation (5) is solved using the upper boundary condition 
that at x = 0, C = 0 and the lower condition that at x = x8, 
dC/ak = 0, with xa taken as the depth of the iron maximum. 
The solution is given in Table 5 which, in principle, can be 
used to directly predict a unique iron profile with given sed- 
iment parameters (sedimentation rates, etc.) and iron liber- 
ation rates. However, bioturbation, faunaI irrigation, and 
sediment disturbance by waves may ah enhanced the trans- 
port of solutes into the sediment (ALLER, 1980b; BERNER, 
1980), making the simple diffusion model (Eqn. 5) inappro- 
priate. The importance of enhanced solute transport is quan- 
tified by constructing a sulhu mass balance for these sites. 

The simplest mass balance approach is to view the surface 
layer of sediment as a box, with the rate of sulfate input to 
the box, diffusion plus pore water burial, balanced by sulfur 
outputs which include the burial of reduced solid-phase sulfur, 
pore-water sulfate and diffusion out. Mathematically: 

@C, + r$DdC,/dx 

= &C2 + (1 - ~)WP,& + @fC2/A (7) 

where r#~ is the average sediment porosity in the layer of interest 
(this is a simplifying assumption as, one should include the 
effects of porosity changes on w and D through the layer, but 
for the sites here, data on w is not good enough to make such 
inclusion possible), D is the sediment diffusion coefficient for 
sulfate, C, and C2 are the concentrations of sulfate at the top 
and bottom of the layer, with dC,l& and dC2/ak the con- 
centration gradients at the top and bottom (sulfate data can 
be found in CANFIELD, 1988). pa,,, is the density of solids 
(assumed to equal 2.5 g cm-‘), C, is the concentration of 
solid phase sulfur at the base of the layer and w is the sediment 
burial rate. 

For Sta’s 18 and 19 dC2/uk = 0 at about 35 cm, so, this 
is a convenient depth to choose for the base of the layer. The 
values supplied to Eqn. (7) and model results are summarized 
in Table 6. For Sta 19 the box is fairly well balanced; in other 
words, little or no solution transport above molecular dif- 
fusion occurs. This conclusion may appear at odds with the 

observation of appreciable sulfide oxidation at Sta 19, which 
probably occurs by the mixing of oxidants into the sediment. 
The present mass balance does not preclude this, it only re- 
quires that the mixing process operates at a rate slower than 
molecular diffision. 

By contrast, at Sta 18 the transport of pore water must be 
considerably enhanced. The nature of the enhanced transport 
mechanism(s) is not well known and may include biotur- 
bation and faunal irrigation (ALLER, 198Oa), sediment 
“pumping” caused by passing waves (HARRISON et al., 1983), 
or sediment stirring by waves. Because of this ignorance, the 
simplist approach is to describe the enhanced transport as 
an enhanced diffusion (for example, BERNER, 1980; VAN- 
DERBORGHT et al., 1977). An enhanced diffusion coefficient 
of about 900 cm2 yr-’ is calculated by balancing the input 
and output sulfur fluxes with diffusion into the layer. 

Dissolved iron profiles are generated for Sta’s 18 and 19 
using a number of different diffusion coefficients with results 
presented in Fig. 13. For both sites, iron profile predictions 
based on “best estimate” diffusion coefficients overestimate 
the actual measured concentrations of dissolved iron by a 
factor of 2-3 (this discrepancy would be enhanced if appre- 
ciable Fe adsorption occurs). The difference between mea- 
sure.d and predicted iron profiles could result from a number 
of causes including overestimate of iron liberation rates in 
lab experiments, inaccurate description of sediment mixing 
(alternative descriptions are given in ALLER, 198Oa; EMERSON 
et al., 1984, B~UDREAU, 1984), non-steady-state behavior, 
or dissolved iron removal not observed in the iron liberation 
experiments. The important point, however, is that easily 
enough iron is produced by iron liberation reactions (likely 
bacterially mediated) to account for all of the dissolved iron 
in Mississippi Delta pore waters. 

Of course, other sources do exist for dissolved iron in ma- 
rine sediment pore waters. ALLER ( 1980b), for example, has 
documented that high concentrations of dissolved iron, in 
association with low sediment pH, may result from iron sul- 
fide oxidation. In this case the oxidation occurs as the sedi- 
ment redox boundary moves deeper in winter months. Only 
the sulfide, however, is completely oxidized, some of the dis- 

Table 6. Sulfur Mass Balance for Sta’s 
18andl9 

Lw 
dwdxb 

o(cmyr’) 

CIC 

c2c 

C,d 
Diffusion It+ 

Burial lne.f 

Toul I+ 

Burial 0uF.g 

acm2yrl 
b mmoles cm4 

0.75 0.76 

167 170 

2.9.x1@ 3.6~10’ 

2 I 

0.028 0.03 1 

0.022 0.024 

0. I65 0.059 

0.036 0.047 

0.049 0.024 

0.085 0.07 I 
0.234 0.054 

- 

~rmnolo cm-3 
mmokr g-’ 

e-kscm-2yr’ 

f pore WluT sulfate 

g inch&s solids plus port water sulfate 
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FIG. 13. Results from the iron model compared to actual sediment 
data (vertical bars). Shown are predicted iron profiles using different 
values for an “enhanced” diffusion coefficient. For molecular diffi- 
sion, a sediment diffusion coefficient for iron of I50 cm’ yr-’ was 
Used. 

solved ferrous iron escapes oxidation and accumulates in the 
sediment pore waters. I observed high dissolved iron con- 
centrations (near millimolar) and low sediment pH (6-6.5) 
at the Sachem site in Long Island Sound (see WESTRICH, 

1983) the day after Hurricane Gloria passed through. Pm- 
sumably iron sulfide oxidation and dissolved iron accumu- 
lation were related to surhcial sediment mixing with the 
overlying water. One week prior to Gloria and two weeks 
after, sediment profiles of iron (80 PM maximum) and pH 
(7.5) were “normal.” From the iron oxide “residence times” 
discussed earlier, and the results of others (JORGENSEN, 1977k 

BERNER and WESTRICH, 1985), sulfide oxidation is probably 
an important year-round phenomena, and does not result 
solely from episodic sediment disturbance and seasonal fluc- 
tuations in the sediment mdox boundary. It appears that most 
of the time, iron sulfide oxidation leads to iron oxide for- 
mation, and high concentrations of dissolved iron (with as- 
sociated low pH) accumulate only when the oxidation event 
is unusually pervasive. 

CONCLUSIONS 

In marine sediments, the availability of sediment-contained 
reactive iron oxide minerals can have profound effects on 
sediment pore water chemistry. For example, reactive iron 
oxides can effectively buffer the concentration of pore water 
sulfide to very low levels, even in the presence of active sulfate 
reduction. Also, the presence of dissolved sulfide in sediments 
indicates that reactive iron has become consumed. Evidence 
for this comes from the FOAM site where, at the depth where 
extractable iron phases become exhausted, the concentration 
of dissolved sulfide begins to rise. At the Mississippi Delta 
sites reactive iron oxides are present in high concentration 
and no dissolved sulfide is observed in sediment pore waters, 

despite high rates of sulfate reduction. For all sites studied 
continued reoxidation of iron sulfide minerals by benthic 
fauna and other physical means (waves, for example) con- 
stantly replenishes iron oxides. Without this replenishment, 
all of these stations would be considerably more “sulfidic.” 

From solid-phase sediment extraction results, early pyrite 
forms almost exclusively from iron oxides, with little evidence 
for the involvement of silicate minerals. In addition, exper- 
imental results and extraction results from the Mississippi 
Delta stations show that iron oxides may be subdivided, with 
fenihydrite and lepidocrocite more reactive towards sulfide 
than hematite and goethite. 

From sediment incubations and diagenetic modelling, the 
bacterial reduction of ferric iron may be the most important 
source of dissolved pore water iron in near-shore marine sed- 
iments (and probably deepsea sediments as well; see FROE- 

LICH et al., 1979). This is somewhat surprising as most ferric 
iron is reduced by the reaction between sulfide and ferric iron 
oxides. It may be that microenvironments exist in sediments 
where, in one microenvironment the iron reduced by sulfide 
immediately reacts with another sulfide ion to form an in- 
soluble iron sulfide mineral. In a separate microenvironment 
the iron reduced by bacteria is free to migrate into solution. 
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