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Abstract

We conducted a study to determine the seasonal relationship between iron, sulfur, and phosphorus in the upper
sediments and pore waters of a shallow intercoastal bay. From April 1999 to September 2000, sediment cores were
collected from Rehoboth Bay, Delaware. Analyses of the sediments in the upper 4 cm revealed that redox conditions
controlled Fe-S-P concentrations in the sediments, pore waters, and overlying water. Monthly sampling showed a
marked decrease in the reactive solid phase P pool (ascorbate leachable fraction, ASC-P) and sharp increases in
soluble P (measured as PO ) in pore waters and overlying waters, as the conditions became more reducing through-32

4

out the summer months. These changes were paralleled by decreases in the amorphous Fe(III) (ascorbate leachable
fraction, ASC-Fe) and total Fe(III)oxyhydroxide pools [dithionite extracted fraction, Fe(III)oxide] and increases in
solid FeS/FeS2. The release of soluble P from sulfidic sediments to oxygenated overlying waters only occurred
during periods of solid FeS/FeS2 production, which indicates that Fe(III) oxides act as a barrier to diffusive P flux.
During these anoxic conditions, the regenerative P appears to induce secondary benthic algal blooms and promotes
eutrophication in these inland bays through late summer. By the late fall and into early spring, sulfide production
diminished and oxic conditions were reestablished as indicated by increases in solid amorphous and crystalline
Fe(III) oxides and decreases in FeS/FeS2 concentrations. During this period, increasing ASC-Fe concentrations
correlated with increases in ASC-P concentrations and decreases in pore-water PO . The seasonal correlations32
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between Fe-S-P indicate that Fe redox chemistry controls sediment P flux to the overlying water column.

Nutrient cycling in estuarine systems is of primary con-
cern due to its direct effect on primary productivity. Exces-
sive nutrient loading in estuaries has led to increased organic
matter production, and its subsequent decay has created ex-
tensive suboxic or anoxic zones and toxic sulfide levels in
many productive estuarine systems (e.g., Officer et al. 1984).
In many coastal environments, nitrogen species have tradi-
tionally been described as the limiting nutrient (e.g., Mor-
timer et al. 1999). However, with increased urbanization, fer-
tilizer use, and runoff, many systems such as inland bays
and estuarine waters may now be phosphorus limited on a
seasonal basis instead.

The removal of phosphate from estuarine waters can in-
crease the dissolved N : P to above the generalized 16 : 1
Redfield ratio, limiting primary productivity. However, if
sufficient PO is released from the sediments and allowed32
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to diffuse back into to the overlying water, sufficient nutri-
ents are available for additional organic matter production.
Such a mechanism may explain the secondary algal growth
observed in nitrate rich environments such as coastal bays
(Timmons and Price 1996; Cerco and Seitzinger 1997) fol-
lowing the onset of anoxic conditions in shallow sediments.

Although seasonal phosphorus cycling in these intercoast-
al environments is not well documented, data have been
amassed on the mechanisms responsible for P cycling in near
shore/continental margin sediments (e.g., Krom and Berner
1981; Klump and Martens 1987; Sundby et al. 1992; Gun-
nars and Blomqvist 1997; Anschutz et al. 1998; Golterman
2001). In these sediments, phosphorus has been classified
into four distinct fractions: organic P, Fe bound P, authigenic
P minerals (such as carbonate fluorapatite, CFA) and detrital
P minerals (Ruttenberg and Berner 1993). However, only
organic P (nonrefractory organics, Ingall and Jahnke 1997)
and Fe bound P (Krom and Berner 1981) appear to be in-
volved in P regeneration with subsequent release to pore
waters and overlying waters via the decomposition of or-
ganic matter (Ingall and Jahnke 1997) and the reduction of
solid iron oxides (Krom and Berner 1981). McManus et al.
(1997) showed that P release to overlying waters was related
to Fe bound P rather than organic matter decomposition. In
a detailed study on Fe bound P, Anschutz et al. (1998)
showed that PO is primarily associated with amorphous Fe32
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(ascorbate leachable, ASC-Fe) and not crystalline Fe in a
variety of sediments. In addition, they found that CFA is not
leachable by the methods used to measure Fe bound P.

The extent of P release is thought to be controlled either
by the redox conditions at the sediment–water interface
(Krom and Berner 1981) and/or by the formation of authi-
genic P minerals (CFA) in supersaturated pore waters (Rut-
tenberg and Berner 1993; Slomp et al. 1996). In continental
margin sediments, McManus et al. (1997) found negligible
P release from sediments where the O2 penetration depth
exceeded 5 mm, whereas Ingall and Jahnke (1997) found
sharp decreases in the P flux from sediments when bottom
waters were fully oxygenated. In both cases, the removal
mechanism appears to be P adsorption on iron oxides in the
oxic/suboxic sediments. Alternatively, P removal due to
mineral precipitation may occur when pore-water phosphate
levels are increased quickly due to iron reduction events
(Slomp et al. 1996). However, with only sparse field data
existing on seasonal P cycling in sediments (Klump and
Martens 1987; Slomp et al. 1998, including no specific data
on seasonal controls of redox variations in the solid Fe frac-
tions: amorphous oxides, crystalline oxides, and iron sul-
fides), our understanding of how phosphorus is annually re-
cycled in shallow water systems is very limited.

In experimental studies on sediment cores, Gunnars and
Blomqvist (1997) showed that the reduction of FeOOH in
freshwater and brackish sediments was predominately respon-
sible for the release of PO to the overlying water column.32
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In freshwater sediments, the released Fe :P ratio was found to
equal 1. Since FeOOH reduction of organic matter produces
a much higher Fe :P ratio (Eq. 1), the released P was

1424FeOOH 1 (CH O) (NH ) H PO 1 756H2 106 3 16 3 4

2 1 21 22⇔ 106HCO 1 16NH 1 424Fe 1 HPO3 4 4

1 636H O (1)2

attributed to dissolution of FeOOH–phosphate complexes. In
coastal sediments, the release of Fe : P was found to be K1
(Gunnars and Blomqvist 1997), which probably resulted from
subsequent Fe removal as iron sulfides. In estuarine sedi-
ments, Fe(II) has been shown to be quickly and effectively
removed from pore waters by precipitation of solid FeS and
FeS2 formation in the presence of H2S (Taillefert et al. 2000).

Chemical profiles in anoxic sediments have revealed the
interaction between iron and sulfur during early diagenesis
(e.g., Canfield 1989; Kostka and Luther 1995). In intertidal
sediments where sulfide occurs in significant concentrations,
the reductive dissolution of Fe(III) oxyhydroxide phases is
quickly followed by formation of FeSaq (Eq. 2; Theberge and
Luther 1997), FeSs, and FeS2. Pyritization in anoxic condi-
tions is fast and occurs by reaction between H2S or S(0) (as
S8 or polysulfides [S ]) and aqueous (or solid) FeS (Rickard22

x

1975; Luther 1991; Rickard 1997; Rickard and Luther 1997)
according to Eqs. 3–4:

21 2 1Fe 1 HS → H 1 FeS → FeS (2)aq s

FeS 1 H S → FeS 1 H (3)aq 2 aq 2 2g

22 22FeS 1 S [or S ] → FeS 1 S [or 7/8 S ] (4)aq x 8 2 (x21) 8

Because iron sulfide minerals have a low point of zero
charge and do not adsorb phosphate at neutral pH (Bebie et
al. 1998), these iron-sulfide reactions effectively solubilize
solid P and maintain PO in pore waters, while removing32

4

Fe(II) from the solution. Thus, changes in sediment redox
conditions and sulfide production probably control PO cy-32
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cling in shallow coastal sediments and overlying waters.
The goal of this study was to follow seasonal changes in

the solid and pore-water concentrations of Fe-S-P in the up-
per sediments of a shallow coastal bay. By measuring Fe-S-
P fractions, we expected to observe the natural coupling of
Fe-S-P in sediments to determine the biogeochemical con-
trols on PO cycling. Release of PO to overlying waters32 32
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during sediment anoxic events in summer will enhance ma-
croalgal and phytoplankton blooms, which are known to oc-
cur in this ecosystem (Cerco and Seitzinger 1997). Our field
experimental approach to measure amorphous and crystal-
line Fe(III) (oxy)hydroxide and iron sulfide phases in addi-
tion to soluble P and Fe is in contrast to studies (1) that
measure only solid phase and dissolved PO and/or perform32
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manipulation experiments with cores (e.g., Krom and Berner
1981; Sundby et al. 1992; Gunnars and Blomqvist 1997) and
(2) that measure Fe-S-P parameters at only one time of the
year (Anschutz et al. 1998).

Study location

Three interconnected embayments (Rehoboth, Indian Riv-
er, and Little Assawoman bays) comprise Delaware’s Sussex
County Coastal Bays (Fig. 1). They have a 777 km2 water-
shed, and 83 km2 of water surface (Price 1998). The only
regular source of seawater from the Atlantic Ocean to the
estuaries is through the Indian River Inlet. Flooding tides
enter the inlet and flow westward and northward into Indian
River and Rehoboth Bays (Wong and Lu 1994). Residence
times are estimated to be on the order of 90–100 d for Re-
hoboth and Indian River Bays (Price 1998). The bays suffer
from varying degrees of eutrophication, fueled by both point
and non–point source nutrient loading (sewage treatment
plants, septic systems, and agricultural and residential run-
off). Such nutrient overenrichment results in undesirable
phytoplankton and macroalgae blooms, both of which lead
to localized declines in light penetration and substantial wa-
ter column dissolved oxygen fluctuations (Price 1998). Sed-
iment cores for the present study were collected from a well-
flushed bottom site in the northwest corner of Rehoboth Bay.
The site has a mean low water depth of 1 m and salinity of
29‰, and it supports a seasonal benthic macroalgae com-
munity.

Methods

Sampling—Sediment cores were collected from April
1999 to September 2000, on a monthly basis from the late
spring (April) through the fall (October) and once during the
winter. To collect cores, an 80-mm diameter transparent
acrylic tube, which was attached to an aluminum pole
screwed into an Al bracket, was inserted into the sediments.
The metal bracket was clamped around the outside of the
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Fig. 1. A map of Rehoboth Bay Delaware showing the sampling
location (X). Sediment cores were all collected within a 150 m2

area.

acrylic tube and also housed a plastic lid (grooved along its
sides), which allowed water to flow along the sides and out
of the top of the acrylic tube as the core was pushed into
the sediment. On extrusion, the core was sealed with the flat
top part of this plastic lid, which allowed for sediment ex-
traction. Thus, intact overlying water samples were retrieved
without contamination from the rest of the water column.
The cores were then capped, sealed, and transported back to
the laboratory for analysis within 1.5 h of collection. In all
cores, at least 20 cm of overlying water were retained by
the plastic lid, which minimized physical disturbance during
transport.

Macroalgae sampling—An aluminum dredge sled was
used to sample macroalgae as described in Timmons and
Price (1996). The total capacity of the sled is 250 liters. Data
are the average of two 2-min tows at a constant boat speed
(linear distance is less than 90 m). Data are expressed in
units of milliliters of wet biomass per minute.

Microelectrode data—Solid state gold-amalgam (Au/Hg)
microelectrodes (Brendel and Luther 1995; Luther et al.
1998) were used to measure pore-water dissolved O2, S(22),
Fe21, Mn21, FeSaq, and Fe(III). These results are reported in
detail in Taillefert et al. (2002) and show that the O2 pene-
tration depth was typically less than 1 mm.

Pore-water extractions and measurements—The sediment
was sliced under a N2 atmosphere in a glove bag into 3–7-
mm thick slices and placed in acid-washed 50-ml centrifuge
tubes. The pore waters were then extracted by centrifugation
under a N2 atmosphere, collected in syringes, and filtered
with disposable 0.2-mm filters (Whatman Puradisc 25 AS)
into clean 5-ml Falcon tubes for subsequent analysis. Ali-
quots of the collected pore waters were separated for Fe(II),
FeT [defined as dissolved FeT 5 dissolved Fe(III) 1 dis-
solved Fe(II)], NH , and PO analysis. Dissolved Fe(III)1 32
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can be determined by the difference between FeT and Fe(II).
Dissolved FeII) and PO were analyzed by colorimetry32
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using a Spectronic 601 (Milton Roy) and NH by the flow1
4

injection method of Hall and Aller (1992). PO concentra-32
4

tions were determined using the molybdate-blue complexa-
tion method (Koroleff 1983), while Fe(II) was determined
by the ferrozine method (Stookey 1970). The molybdate-
blue complexation method consisted of adding 0.6 ml of
sample to 4.4-ml deionized water and 0.8 ml of ammonium
molybdate solution (made as per Koroleff 1983). Ascorbic
acid was added to allow for molybdate-blue color formation,
and after 2 h absorbance was measured at 885 nm. A blank
correction was used to account for ascorbic acid interference.
For Fe(II) determinations, samples were immediately stabi-
lized in the ferrozine after filtration under a N2 atmosphere.
The ferrozine solution consisted of 50% of a 2.5 M ammo-
nium acetate buffer and 50% of a 0.01 M ferrozine. Samples
were allowed to stand for less than 30 min for color devel-
opment, followed by absorbance measurement at 562 nm.
For FeT determination, 0.1 M HCl-hydroxylamine was added
to the samples to reduce any dissolved Fe(III) to Fe(II). FeT

samples were allowed to stand for 24 h at room temperature
to ensure complete Fe(III) reduction had taken place. Then
the FeT samples reacted with ferrozine solution for subse-
quent Fe analysis.

Solid phase extraction and measurements—For each
depth interval, the centrifuged sediment was subsampled to
provide three replicates for separate determinations of amor-
phous iron (ASC-Fe), reactive phosphate (ASC-P), total
amorphous and crystalline iron [Fe(III)oxide], FeS, and pyrite.
The ASC-Fe and ASC-P were defined as the material
leached from ascorbic acid solution (as per Anschutz et al.
1998) and includes some FeS (Kostka and Luther 1994).
Crystalline iron (Fecrys) was defined as the reactive Fe
leached during a dithionite extraction minus the ASC-Fe
fraction (Kostka and Luther 1994). Fecrys has been shown to
contain large portions of crystalline and amorphous
Fe(III)oxides, and traces of reactive Fe silicates (Canfield
1989; Kostka and Luther 1994).

Amorphous iron (ASC-Fe)/reactive phosphate (ASC-P):
Separate ascorbic acid leaches were used for either Fe or
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Fig. 2. Sediment profiles from (A) May, (B) July, (C) August,
and (D) September 1999 and (E) April and (F) June 2000 cores
(Note x-axis break in F). Fe(II) and PO are given in mmol L21.32
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ASC-Fe and ASC-P are given in mmol (gdry wt)21. Negative depth
values representing depth of overlying water above the sediment–
water interface, while positive values are sediment depths below the
interface. Zero depth represents sediment–water interface.

Fig. 3. Sediment profiles from (A) May, (B) July, (C) August,
and (D) September 1999 and (E) April and (F) June 2000 cores.
Fe(II) is given in mmol L21, whereas FeS (AVS), FeS2, and
Fe(III)oxide (all amorphous and crystalline Fe(III) phases) are given
in mmol (gdry wt)21. Zero depth represents sediment–water interface.

PO in accordance with the method of Anschutz et al.32
4

(1998). Ten milliliters of ascorbic acid solution were added
to 0.4 g of sediment. The ascorbic acid solution consisted
of 10 g Na-citrate and 10 g bicarbonate in 200 ml of deaer-
ated deionized water to which 4 g of ascorbic acid were
slowly added to a pH of 8. The samples were then put in a
water bath (508C) and shaken at 200 rpm. After 24 h, the
samples were filtered (0.2 mm) and measured for either Fe
or PO (see above) to give ASC-Fe and ASC-P, respective-32

4

ly.

Total Fe(III) [Fe(III)]oxide (amorphous 1 crystalline): Ap-
proximately 0.25 g of sediment was mixed with 10 ml of
dithionite solution. The dithionite solution was prepared dai-
ly by dissolving 20 g of dithionite into a 200-ml mixture of
0.35 M Na-acetate/0.2 M Na-citrate, which had been deaer-
ated by purging with N2 for 1 h. The samples were then
shaken at 200 rpm for 2 d at room temperature. The extract
was filtered (0.2 mm) and measured for FeT by the ferrozine
method as above.

Pyrite/acid volatile sulfide: Pyrite (FeS2) and acid volatile
sulfide (AVS) were extracted from dried and wet sediments,

respectively. FeS2 determination was accomplished by re-
duction with acidified Cr(II) and AVS determination by acid-
ification with 3 M HCl according to the methods described
in Luther et al. (1992). To remove FeS, the sediment was
dried for 24 h at 808C. To remove S(0) and organic S, the
dry sediments were leached with acetone for 24 h prior to
acidified Cr(II) addition. A Jones reduction column was used
daily to reduce 1 M CrCl3 (in 1 M HCl) to Cr(II). The bi-
sulfide produced by these two extraction schemes was
purged with N2 and trapped in 1 M NaOH prior to mea-
surement by cathodic square wave voltammetry with a hang-
ing mercury drop electrode system (model 303A, EG&G
Princeton Applied Research coupled to a DLK-100A elec-
trochemical analyzer from Analytical Instrument Systems).

Results

A total of 13 cores were collected from northwest Reho-
both Bay covering the period from April 1999 to September
2000. ASC-P (80–90%) typically was found concentrated
primarily in the upper 2–4 cm of the sediments. For this
reason, this paper focuses only on the Fe-S-P fractions in
the upper sediments. In Figs. 2 and 3, we present represen-
tative data from six cores to show seasonal changes. Figure
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Table 1. Covariance–variance matrix for the soluble and solid Fe-S-P data measured in the upper 4 cm of the sediments of Rehoboth
Bay, Delaware. Correlation coefficients were calculated from data collected from the upper 4 cm (eight depth intervals) in the 13 cores
collected from April 1999 to September 2000. Bold values in Table 1 represent correlations with significant probabilities ,0.05.

Variable ASC-Fe Fecrystalline ASC-P FeS FeS2 Fe(II) Fe(III) 32PO4

ASC-Fe
Fecrystalline

ASC-P
FeS
FeS2

Fe(II)
Fe(III)

32PO4

1.0 0.76
1.0

0.74
0.71
1.0

0.052
0.056

20.12
1.0

0.24
0.21
0.16
0.69
1.0

20.19
20.14
20.20
20.29
20.067

1.0

20.047
20.11

0.11
0.0923
0.12
0.076
1.0

20.41
20.32
20.23
20.32
20.32

0.046
20.093

1.0

2A–F gives dissolved Fe21 and PO and solid phase ASC-32
4

Fe and ASC-P, whereas Fig. 3A–F gives solid phase FeS,
FeS2, and Fe(III)oxide. Table 1 summarizes correlations from
all samples in every core.

The profiles of ascorbate-reactive PO (ASC-P), ascor-32
4

bate-reactive Fe (amorphous Fe, ASC-Fe), and dithionite-
reactive Fe [Fe(III)oxide] in the upper sediments followed sim-
ilar patterns throughout the year; i.e., there was an
enrichment of these chemical species in the surface sedi-
ments and a decrease with depth (Figs. 2A–F, 3A–F). ASC-
P and ASC-Fe concentrations were highest at the beginning
of May 1999, reaching 3.5 and 29 mmol (gdry wt)21, respec-
tively (Fig. 2A). However, as reducing conditions became
pronounced through the summer, the concentrations of these
fractions decreased markedly to less than 0.7 (ASC-P) and
20 (ASC-Fe) mmol (gdry wt)21 in the bay sediments (Fig. 2B–
D). The concentrations of ASC-P and ASC-Fe stayed at
these low levels until oxic conditions were reestablished in
the winter of 1999 and spring of 2000 (Fig. 2E). Fe(III)oxide

concentrations followed the same trends as ASC-P and ASC-
Fe (Fig. 3A–E) both within a core and with season (high
values in the spring 1999, lower in summer 1999, and higher
again in winter and spring of 2000). Fe(III)oxide was com-
prised mainly of Fecrys except in the summer (e.g., compare
Figs. 2C and 3C) when it was mainly ASC-Fe.

Table 1 shows that pore-water PO and soluble Fe(II) did32
4

not correlate. The concentrations of PO and soluble Fe are32
4

similar to those observed in freshwater sediments (Gunnars
and Blomqvist 1997), brackish coastal sediments (Gunnars
and Blomqvist 1997), and continental margin sediments
(Anschutz et al. 1998). However, only in the coastal and
continental margin sediments was a similar dramatic de-
crease in soluble iron observed, which resulted from the for-
mation of solid FeS and FeS2.

The FeS and FeS2 concentrations (Fig. 3A–F) found in
Rehoboth Bay fluctuated in accordance with seasonal sulfide
production (Taillefert et al. 2002). FeS increased during the
summer and ranged from ,0.7 mmol (gdry wt)21 to 5 mmol
(gdry wt)21. In contrast, pyrite sulfur concentrations were found
to be higher by an order of magnitude, ranging from 20
mmol (gdry wt)21 in the spring to a maximum of 100 mmol
(gdry wt)21 during summertime anoxic conditions. These val-
ues are lower than the average content of the Great Marsh
of Delaware (e.g., Kostka and Luther 1995) but similar to
other coastal and margin sediments (Canfield 1989; An-

schutz et al. 1998). The summertime increase in FeS (and
FeS2) coincided with the sharp decreases in ASC-Fe and
Fe(III)oxide. In May 1999, the FeS fraction was generally neg-
ligible compared with the ASC-Fe fraction (Figs. 2A and
3A). However, by July, following the onset of anoxic con-
ditions, FeS formation in the 0–4-cm depth interval in-
creased significantly (Fig. 3A–C). This corresponded with
sharp decreases in both the ASC-Fe fraction and soluble
Fe(II).

In both years, dissolved H2S was low (a few micromolar)
or not detected in the upper 2 cm of the sediment except in
August 1999 (Taillefert et al. 2002), so the onset of anoxic
conditions is best defined by solid phase FeS and FeS2 data.
In both years, the transition in the sediment from predomi-
nately Fe(III)(oxy)hydroxides to predominately iron sulfides
continued throughout the summer and early fall. The reox-
idation of iron sulfides to Fe(III) (oxy)hydroxide amorphous
and crystalline phases occurred in the winter and spring (Fig.
2D–F and 3D–F) and is similar to the seasonal changes
found in salt marsh sediments by Kostka and Luther (1995)
and Luther et al. (1992).

The August 1999 microelectrode profile (Fig. 4) showed
the extent of pore-water anoxia in the sediments. The entire
profile was anoxic with no O2 penetration. H2S and FeSaq

(Theberge and Luther 1997) were observed throughout the
pore-water profile, with no soluble Fe(II) measured by either
in situ voltammetric microelectrodes or traditional pore-wa-
ter analysis. Correspondingly, PO concentrations were at32

4

high levels in the pore water (Fig. 2B–D) and overlying bot-
tom water (Fig. 5A), where micromolar PO concentrations32

4

were detected.

Discussion

Fe-S-P correlation—A covariance–variance matrix was
created to help understand the interactions between Fe-S-P
in the upper sediments. Using the statistical program JMP
IN (SAS Scientific Institute), the Pearson product-moment
correlation coefficients were calculated to show the strength
of the linear relationships between each pair of measured
data. The data used for this calculation included concentra-
tions of dissolved Fe and PO , and of solid Fe and P (FeS,32

4

FeS2, ASC-Fe, Fecrys, and ASC-P) measured at each depth
interval from all 13 cores (Table 1). Pairwise correlations
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Fig. 4. Microelectrode profile from the August 1999 sediment
core. H2S and O2 are given in mmol L21. FeSaq values are given in
current (nA) due to the inability to quantify (and standardize) the
exact forms of the aqueous iron sulfides (Theberge and Luther
1997). No O2 penetration into the sediments was observed. Fig. 5. Surface sediment and overlying water data from the

cores in 1999. (A) Surface sediment DOP, solid ASC-P, dissolved
PO and algal data (1998). (B) NH and the dissolved (NH ) :32 1 1

4 4 4

(PO ) ratio are given to show that anoxic conditions in the sedi-32
4

ments are significant in the summer—especially August, when H2S
is easily detected in pore waters (see Fig. 4).

were also calculated to show significant probabilities be-
tween the different parameters.

The results from the covariance–variance matrix provide
insights to the cycling of Fe-S-P in these coastal sediments.
The strongest correlations are between ASC-Fe, Fecrys, and
solid ASC-P. The strong relationship between ASC-Fe and
solid ASC-P is similar to the results obtained in other studies
(e.g., Gunnars and Blomqvist 1997; Anschutz at al. 1998)
and provides additional evidence that PO cycling is being32

4

controlled by dissolution of Fe(III) phases and precipitation
of FeS and FeS2. The correlation between Fecrys and ASC-
Fe probably represents shifts between the amorphous and
crystalline fractions. Both production and consumption oc-
cur since sulfide reduces these Fe(III) phases with varying
reaction rates (Pyzik and Sommer 1981; Canfield 1989;
Kostka and Luther 1995; Taillefert et al. 2000) and then
precipitates the dissolved Fe(II) as iron sulfide minerals.
Also, reoxidation of iron sulfides goes through amorphous
to crystalline Fe(III) phases on ageing (e.g., Taillefert et al.
2000).

The hypothesis that Fe/S cycling is controlling PO cy-32
4

cling in the sediments is further supported by the inverse
correlations between PO and ASC-Fe and between PO32 32

4 4

and FeS/FeS2. The inverse relationship between PO and32
4

ASC-Fe has a low correlation constant (r 5 20.40), but it
is statistically significant at a P value ,0.005. The inverse
correlations of PO with FeS and FeS2 are also significant;32

4

however, the lower correlation constants reflect PO fluxing32
4

from the sediment during summer anoxic conditions as ob-
served in Figs. 2 and 5A. In contrast to the solid phase,
soluble Fe(II) and PO in the pore waters did not correlate32

4

(e.g., Fig. 2C), which is expected as Fe(II) is removed during
iron sulfide formation.

There was a statistically significant inverse correlation be-
tween Fe(II) and FeS. These results show that the increased
Fe(II), from ASC-Fe dissolution, quickly reacts with sulfides
to form FeS. This reaction also explains the weak inverse
correlation observed between the ASC-Fe : ASC-P ratio and
Fe(II). However, if only the predominately oxic cores (April
1999, May 1999, April 2000) are analyzed, a statistically
significant correlation can be found between dissolved Fe(II)
and PO (r 5 0.44, p , 0.001) and a statistically significant32

4

inverse correlation can be seen for Fe(II) and ASC-Fe (r 5
20.58, p , 0.001).

Degree of pyritization (DOP)—Increases in solid FeS and
FeS2 during the summer months indicate that sulfate reduc-
tion is highly significant in the summer and late fall. This is
confirmed by the degree of pyritization (DOP) and the de-
gree of sulphidization (DOS) calculated with Eq. 5 and Eq.
6, which are indicators of use of iron(oxy)hydroxide and
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sulfide for pyritization (DOP) and the extent of total iron
sulfide precipitation (DOS).

[FeS ]2DOP 5 (5)
[FeS ] 1 [AVS 2 Fe] 1 [Dithionite 2 Fe]2

[FeS ] 1 [FeS]2DOS 5 (6)
[FeS ] 1 [AVS 2 Fe] 1 [Dithionite 2 Fe]2

The DOP in May 1999 averaged ,0.2 in the upper sedi-
ments, with only trace amounts of FeS. As the sediments
became more reducing in July 1999, the DOP increased to
an average value of 0.58, with DOS slightly larger at 0.60.
Finally in August, when H2S was observed throughout the
pore-water profile, the DOP reached a maximum value
.0.75. Interestingly, the DOS was still only slightly larger
than the DOP, which reflected the reaction of FeS and H2S
to form pyrite (Eq. 3). All of these DOP and DOS values
are similar to those found in normal marine sediments (Can-
field 1989; Kostka and Luther 1995) and show that sulfate
reduction, and subsequent FeS and FeS2 formation, is sea-
sonal in nearshore environments. The change of solid Fe/S
phases with season is similar to that found by Kostka and
Luther (1995) in salt marsh sediments.

In all cores, the FeS, as measured by acid volatile sulfide
(AVS), was found in low concentrations (AVS , 5 mmol
[gdry wt]21). AVS is composed of both aqueous FeS (FeSaq)
and solid FeS. FeSaq is a soluble intermediate in pyrite for-
mation that can be detected by voltammetry (Theberge and
Luther 1997). In situ voltammetric microelectrode measure-
ments showed only low currents for FeSaq in sediment pore
waters (Fig. 4; Taillefert et al. 2002). This suggests that FeSaq

is reacting fast with sulfide to form FeS2 (Eqs. 3 and 4) and
not accumulating in sufficient concentration to induce pre-
cipitation and solid FeS formation. In the spring, the pH of
pore waters was generally above 7. However, in the summer
months, due to organic matter mineralization, the pH de-
creased to less than 6.5, which is below the first pKa of H2S
(Rickard et al. 1995). This results in H2S (not HS2) being
the main sulfide species following sulfate reduction. Rickard
(1997) showed that H2S reacts faster than HS2 with FeSaq to
form pyrite (Eq. 3). Thus, at the pH found in the sediment,
environmental conditions are best to maximize pyritization
rates via Eq. 3. This is evidenced by the high concentrations
of pyrite found in these sediments, as compared to solid FeS
(and the similarity of DOP and DOS values at a given time
and depth). Thus, the production of H2S during the summer
months is not only promoting the dissolution of solid Fe(III)
(oxy)hydroxide solid phases, but also the removal of soluble
Fe(II). Both of these processes enhance PO cycling in the32

4

sediments and overlying water.

Fe : P and N : P relationships—The molar ratio of dis-
solved Fe(II) : P in the pore waters ranged from 4.2 in the
spring to less than 0.1 in the summer. This change is also
illustrated by the low correlation between Fe(II) and PO32

4

in Table 1. The summer ratios were similar to the results
found by Gunnars and Blomqvist (1997) during their exper-
iments on P release from near shore sediments under anoxic
conditions. The lower Fe : P ratio is a result of sharp decreas-
es in Fe(II) concentrations during periods of anoxia when

large concentrations of sulfides are produced. The sulfides
quickly react with the soluble Fe(II), resulting in the for-
mation and burial of FeS and particularly pyrite (e.g., Fig.
3C).

As shown above, solid ASC-Fe was strongly correlated
with ASC-P. The ASC-Fe : ASC-P ratio in the upper sedi-
ments under oxic conditions (April 1999) was found to av-
erage 8.6. At the height of sediment anoxia (August 1999),
the ratio increased to 24.5, which indicated either a dispro-
portionate release of P and/or an addition to the ASC-Fe
fraction from Fecrys. Comparison of Figs. 2C and 3C (August
1999) shows that ASC-Fe is most of the Fe(III)oxide fraction
as all Fe(III) solid phases are being converted to FeS2. Based
on these data and on the weak correlation between ASC-P
and Fe(II), it appears that the Fecrys is converted to ASC-Fe,
which in turn is converted to iron sulfide minerals. This type
of Fe(III) to Fe(II) transition has been documented in a re-
cent laboratory study that used aged Fe(III) materials (Tail-
lefert et al. 2000). Since little P is contained in the Fecrys

fraction (Anschutz et al. 1998), a resulting disproportionate
increase in the ASC-Fe fraction will occur that results in a
higher Fe : P ratio in the solid fraction with release of dis-
solved PO during anoxic periods.32

4

P and macroalgal relationships—Our data show that a
significant amount of phosphate is sequestered in amorphous
iron phases. However, from June 1999 to July 1999, average
ASC-P (Fig. 5A) decreased in the upper 4 cm of sediment
from 1.55 to 0.45 mmol (gdry wt)21. Multiplying this difference
of 1.10 mmol (gdry wt)21 by the density of the sediment (2.0
g ml21) and the volume conversion factor (1,000 ml L21)
and then dividing by the sediment volume (2.00 3 1024 m3)
for our core (4 cm by 8 cm) gives a maximum loss of phos-
phate from the sediment to the overlying water of 11.0 M
m23. This loss of phosphate did not result in an increase of
dissolved phosphate in the overlying water for July (see rect-
angle in Fig. 5A). Instead, this loss of P appears to fuel a
benthic algal bloom (N/P ratios in the overlying water also
support P uptake, Fig. 5B; see below). Timmons and Price
(1996) have shown that maximum baywide macroalgal pro-
duction in Rehoboth Bay occurs from late June into early
July (data for 1998 are plotted in Fig. 5A) and corresponds
to an increase in DOP and a decrease in ASC-P (Fig. 5A).
Unfortunately, we have an incomplete macroalgal dataset for
1999, but macroalgal content is six times higher in mid-July
as compared to mid-August of 1999—consistent with the
data in 1998. The average ASC-P in the sediment for August
was 0.33 mmol (gdry wt)21 and was similar to that in July and
September (Fig. 5). In October, ASC-P increased as temper-
ature and dissolved phosphate decreased, which indicates
that, as oxic and suboxic conditions were reestablished in
the sediments, phosphate readsorbed to the solid ASC-Fe.
The increase in ASC-P also inversely correlates with DOP,
which indicates that as FeS2 oxidizes to ASC-Fe, P binds to
Fe in the ASC-Fe fraction. This reaction sequence demon-
strates the seasonal cycling of P within this ecosystem,
which has a water residence time of about 100 d (Price
1998).

Sulfate reduction produces both phosphate and NH from1
4
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Fig. 6. Schematic of phosphate cycling (indicated with the filled
darker arrows) as redox state changes in sediments. Phosphate ad-
sorbed to Fe(III) solid phases is stored in oxic and suboxic sedi-
ments in the winter and early spring (lower left), then is converted
to the dissolved phase and taken up by macroalgae (with a N : P of
20) in the summer as sulfate reduction occurs in the sediments (cen-
ter and top) and finally is readsorbed to and stored on Fe(III) phases
as oxic conditions are reestablished in the sediments in late fall and
winter (lower right).

organic matter decomposition (Eq. 7). Under sulfidic con-
ditions in the summer, both nutrients are

2253SO 1 (CH O) (NH ) H PO4 2 106 3 16 3 4

2 1 2 22 1⇔ 106HCO 1 16NH 1 53HS 1 HPO 1 39H3 4 4

(7)

produced in the pore water and overlying water (Fig. 5B),
but NH is released in far greater concentrations, which in-1

4

dicates that phosphate is being utilized. In August 1999, the
NH : PO ratio in the overlying water is 24 and similar to1 32

4 4

the N : P ratio of 20 reported for macroalgae by Duarte
(1991). However, the N : P of 43 is much higher in July,
which indicates that the regenerated P was incorporated into
secondary benthic macroalgal growth in July and then re-
leased by subsequent organic matter decomposition by sul-
fate reduction. These data, along with higher NH : PO ra-1 32

4 4

tios (58 to 76) in September and October, indicate that
phosphate is a limiting nutrient in the bottom water for most
of the year. Thus, the release of phosphate from anoxic and
sulfidic sediments enhances primary productivity of benthic
macroalgae over the short time period in late June to early
July.

Sediment cores were collected over a 1-yr period to un-
derstand seasonal relationships between Fe-S-P in the upper
sediments of a shallow coastal bay. A combination of pore-
water and sediment analyses was successfully used to deter-
mine transformations between solid and aqueous fractions.
The results showed the importance of redox conditions and
sulfide production in determining P cycling in sediments
from shallow inland bays.

Figure 6 is a schematic diagram that shows shifts in Fe-
S-P solution and solid phase fractionation as the sediments
became more reducing during the summer and oxidizing in

the late fall and winter. At the beginning of the spring to
early summer, soluble Fe, ASC-P, ASC-Fe, and Fecrys were
observed at their highest concentrations, whereas PO was32

4

found at lower concentrations. However, as the summer pro-
gressed and the sediments became more reducing, solid
Fe(III) oxide phases decreased as iron sulfide mineral phases
increased in concentration tenfold with correspondingly high
DOP and DOS values. By July, dissolved pore-water phos-
phate increased threefold, but most of the Fe bound PO32

4

(ASC-P) was released from ASC-Fe and then lost from the
sediment to the overlying water resulting in a bloom of ben-
thic algae. This flux of P to the water column from June to
July appears to have enhanced benthic primary productivity
in the summer. Because ASC-P and ASC-Fe do not increase
until late fall, this regenerated P remains in the water column
and stimulates diatom growth, which is significant in this
ecosystem until midfall.
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