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Abstract. Pore water composition, pyrite distribution and pyrite crystal morphology of
sediments from salt marshes in the Eastern Scheldt, southwestern Netherlands, were examined
from July 1984 to October 1986.

Hydrology and marsh vegetation were the chief determinants of pyrite accumulation. In the
bare sediments of pans in the low marsh, highly reducing conditions prevailed just below the
surface. At these sites, practically all the incoming detrital pyrite (0.5-1% FeS2 ) was preserved.
The in-situ formation of pyrites was negligible in these anoxic sediments.

All incoming detrital pyrite was oxidized in the surface layers (0-10 cm) of the medium-high
marsh overgrown with Spartina anglica. Pyrite was formed at a rate of 2.6-3.8 mol S-
FeS2m- 2yr ' in a narrow range of depths (15-20cm), at the interface of the oxidizing and
underlying reducing sediment. At this interface the concentration profiles of Fe 2+ and dis-
solved ES intersected. The role of the rhizosphere is discussed in connection with pyrite
formation. No further pyrite formation occurred deeper in the sediment. This resulted in the
build up of high concentrations of dissolved ES and acid volatile sulfides (AVS). The decrease
with depth in oxalate-extractable Fe indicated that most of the iron oxyhydroxides (70-80%)
had been transformed to pyrite. Another 10-20% of oxalate-extractable Fe was present as
AVS. The abundance of framboidal pyrite particles and the high concentrations of AVS and
dissolved ES indicated that the formation of pyrite occurred via iron monosulfide inter-
mediates.

There was a linear relationship between the organic carbon and the S-FeS 2 content in the
Spartina overgrown reducing sediment. The mean C/S ratio was 4.2.

Introduction

In organically-rich marine sediments, large quantities of sulfides are pro-
duced by organic matter oxidation through bacterial sulfate reduction.
Generally, the greater part of the sulfides are reoxidized again to sulfate at
the oxic-anoxic interface of the sediment. A significant portion, however,
reacts with iron oxyhydroxides to form pyrite (FeS2) (Berner 1970, 1984;
Rickard 1974). Under reducing conditions pyrite is stable and preserved
over geological time, storing large quantities of energy (Howarth 1984) and
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potential acidity (Van Breemen 1976; Van Breemen et al. 1983). Under
oxidizing conditions pyrite decomposes rapidly. This process may have
serious environmental consequences because of the associated acidification.

Saltmarshes are characterized by large inputs of organic matter, which
support high rates of bacterial sulfide production (Howarth & Teal 1979;
Howes et al. 1984). Moreover, tidal rhythm, root metabolism of the marsh
vegetation and atmospheric exposure induce dynamic redox conditions in
the surface layers of saltmarsh sediments (Lord 1980; Howes et al. 1981;
Feijtel et al. 1988). Such environments provide appropriate conditions for
the accumulation of sedimentary pyrite.

The process of pyrite formation in salt marshes is not well understood.
Euhedral pyrite is formed directly (Rickard 1975; Luther et al. 1982), and
framboidal pyrite indirectly via iron monosulfide intermediates (Sweeney &
Kaplan 1973; Raiswell 1982). The direct reaction pathway proceeds rapidly
and has been reported to occur in salt marshes (Howarth 1979), but fram-
boidal pyrite formation has also been observed in salt marshes (Lord 1980)
and mangrove swamps (Van Breemen 1976).

The present study concerns the accumulation of pyrite in salt marshes of
the Eastern Scheldt, a tidal inlet in the delta of south-western Netherlands.
Results of microscopic observation were combined with solid phase analyses
of sulfide species, so as to infer the pathway of pyrite formation. Hydrologi-
cal observations and chemical analyses of the pore waters sampled from July
1984 to October 1986 were used to study the dynamics of the Fe-S
geochemistry of bare- and Spartina anglica-overgrown marsh sediments.

Methods

The study sites

Salt marshes (16km2) occur in sheltered places alongside the dikes sur-
rounding the Eastern Scheldt (Fig. 1). The flooding frequency of the
marshes varied with the height of the marsh surface (Table 1). The consider-
able reduction in tide range in 1985-1986, during the final phase of
construction of the Storm Surge Barrier (Knoester et al. 1984), strongly
reduced the flooding frequency of the marshes. Spartina anglica was the
dominant vegetation type of the low and medium-high marsh. On the high
marsh the relatively species-rich vegetation was dominated by Triglochin
maritima, Limnonium vulgare, Puccinellia maritima and Halimione por-
tulacoides. Pyrite accumulation in marsh sediments was studied at 4 sites in
1984-1986. The main study-site was the Rattekaai marsh (Fig. 1), because
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Fig. 1. Location of saltmarshes in the Eastern Scheldt. Inset shows study sites in the Rattekaai
marsh.

conditions in this marsh are rather well documented (Kooistra 1978, 1981;
Oenema & DeLaune 1988).

Sediment sampling and analysis

A total of 17 cores were analyzed to study the spatial and temporal variation
in pyrite distribution with depth. Cores were taken by slowly twisting a thin
walled PVC tube (i.d. 10-16 cm) into the marsh. The tube had a sharpened,
serrated end to cut through plant roots. Within 4 hours after sampling the
cores were sliced into 1-5cm sections and these were dried at 80°C for
72 hrs. All further sediment analyses were carried out on the dried and finely
ground samples.

Organic carbon was determined by wet oxidation with K2Cr2,,07 and
H2 SO 4 (Page et al. 1982). The oxidation of FeS2 in pyritic (1-2%) sediments
during the carbon oxidation may have caused an overestimation of the
carbon content of 0.3-0.7%, but not more.

Pyrite was determined using the selective dissolution method described by
Begheyn et al. (1978). A subsample of 100mg was first treated with H2SO4
(96%) and HF (48%) for 1 min. and then with hot 4M HCl for 10-30min
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Fig. 2. Depth distribution of iron-species in core B10 from the medium-high marsh. Fepy is
pyrite-Fe, Feo, is oxalate-extractable Fe, Fed is dithionite-extractable Fe, FeH,,, is hot HCI-
extractable Fe, Fe,, is total non-pyritic Fe.

to dissolve all remaining non-pyritic iron. After centrifugation and washing
3 times with 1 M HCI the pyritic residue was dissolved in HNO3. The total
Fe and Fe-FeS2 were determined by AAS. Analyses of split samples that
were dried at 80 C and freeze-dried gave similar pyrite concentrations,
suggesting that drying at 80 °C did not oxidize FeS2 to a noticeable extent
in these samples. A molar S/Fe ratio of 2.007 (n = 61; R2 = 0.98) in one
series of samples, analyzed by standard ICP techniques, confirmed the
pyrite-like composition of the residue. The recovery of a finely powdered
FeS2 crystal (purity > 99%), added to a sediment was 98 + 1.5% (n = 23).

Several methods were compared for the determination of 'easily reducible
iron'. Results for core B10 from the medium-high marsh are shown in Fig.
2. The extraction with 1 M Na-citrate + Na2S2 04 (Holmgren 1967) yielded
about half as much as the extraction with H2 SO 4, HF and HC1 (Begheyn et
al. 1978) suggesting that about 50% of the non-pyritic Fe was linked with the
alumino-silicate minerals (i.e., illites and smectites). The other half of the
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non-pyritic Fe consisted of iron oxyhydroxides and iron monosulfides. The
latter oxidized during the drying procedure into easily extractable
oxyhydroxides. The extraction with NH 4-oxalate (1 M, pH 3; Schwertmann,
1964) yielded only slightly less Fe (0-20%) than with the more aggressive
citrate-extraction, suggesting that most oxyhydroxides were not well crystal-
lized. In support of this opinion, X-ray diffraction analysis before and after
oxalate-extraction (Schulze 1981) gave no indications of goethite or hema-
tite. Extractions with hot concentrated HCI (Berner 1970) included also
silicate-bound Fe since 0.3-1.0% more Fe was extracted than with oxalate
and dithionite (Fig. 2). Iron oxyhydroxides and especially amorphous
hydroxides (e.g., ferrihydrites) become preferentially sulfidized, since the
weathering rate of Fe from silicates is much slower than it is from the X-ray
amorphous oxyhydroxides in a sulfidic environment (e.g., Berner 1970; Lord
& Church 1983). The degree of pyritization (DOP) as used in this study is
therefore defined as:

%Fe-FeS2DOP = (1)
%Fe-FeS 2 + %Feox (1)

where Feox = the oxalate extractable Fe content

FeS2 was shown not to dissolve by the oxalate extraction. Some of the data
presented recently by Phillips and Lovley (1987) suggest that oxidation
during the drying and analysis procedures of reduced sediments may dimin-
ish the total oxalate-extractable Fe. If so, the DOP calculated according to
Eq. 1 is an overestimate.

Acid volatile sulfides (AVS) were determined in 2 ml of sediment. After
the volatilization by the addition of 2 ml 5 M HCI the AVS were distilled
over in two Zn-acetate traps using N2 as a carrier gas. The distillation was
continued for 1 hr. The quantity of sulfide so collected was analyzed by
iodimetric titration (Bassett et al. 1978).

Major elements (Si, Al, Ca, Mg, K, Fe) were determined by XRF in 0.5 g
sample of ignited (950 °C) sediment, mixed thoroughly with 5 g Spectroflux
type 1100 (Johnson Matthey Chemicals, England) and then melted at
1200°C to a disc.

Microscopic observations of pyrite and pyrite oxidation products were
made on 15 x 8 cm2 thin sections. The large thin sections were sampled
from undisturbed sediment cores (i.d. 16cm) and thereafter immediately
freeze-dried, prior to impregnation and preparation (Kooistra 1978). For
scanning electron microscopy (SEM) studies, impregnated sections
(2 x 5cm2) were polished, coated with carbon and run on a Cambridge
Steroscan S180 with a Link energy dispersive unit (EDS).
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Pore water sampling and analysis

Seasonal variations in the pore water composition were measured at three
sites in the Rattekaai marsh, one of them at the medium-high and two at the
low level (one vegetated and one unvegetated). Pore water was sampled by
in-situ dialysis, using a modification of the Hesslein in-situ sampler (Hesslein
1976) as described in detail by Oenema (1988b). In summary, the sampler
was filled with 20-40 ml de-oxygenated, filtered seawater and left for 1-2
months to equilibrate with the surrounding pore water through a Versapor
200 (Gelman Sciences) filter-membrane (0.2/pm pore-diameter), then 2-
10ml portions were sucked into three syringes via sample ports at the
surface. Tygon tubes (i.d. 0.8 mm) connected the sample ports with the 20
sample compartments at 0.5-5cm intervals, in the sampler. One syringe
contained 5 ml of 0.1 M H2SO4 and was used for Fe2+ analysis. Another
syringe was prefilled with 2ml of Zn-Acetate (2%) and 0.5ml of 0.5M
NaOH and was used for dissolved sulfide (S) analysis. After sampling, all
compartments were immediately refilled with filtered, de-oxygenated
seawater. The sampler remained permanently in the sediment, so as to avoid
confounding seasonal changes with spatial variability. The concentrations
of Cl- (mercury thiocyanate; Zall et al., 1956), S02- (methylthymol blue;
Merks & Sinke 1981) and Fe (2,4,6,-tripyridyl-(2)-1,3,5,-triazine-
hydroxylamine; Henriksen 1967) were analyzed by standard auto-analyzer
techniques. The concentration of ES was determined using the methylene-
blue method of Gilboa-Garber (1971). The pH (NBS-scale) was determined
in 2 ml of pore water with a micro-electrode within 3 hrs after sampling.

Hydrological observations

The depth of the water table was measured during low tide in bore-holes (i.d.
6 cm), two hours after they had been made. The pore water entered the hole
rapidly, and changes in the water level after two hours were negligible.

Creek bank seepage was measured 3 times during the period October 1984
to February 1985 at 6 sites in the Rattekaai marsh. The seepage water was
collected during low tide in 0.5 m long gutters that were placed carefully in
the creek wall, just above the creek bottom. The volume of seepage water
was measured after 2-3 hours.

Water retention characteristics of undisturbed backmarsh and levee sam-
ples in 100cm3 cores were determined over the range loglhl = 0 to
log Ih = 2, where h = matrix suction (cm). After the initial water satura-
tion for three weeks by inundation, the samples were placed on a fine-
textured sand and equilibrated at Ihl = 2.5, 10, 31, 63 and 100cm, respec-
tively (Klute 1986). After equilibrium had been reached, as indicated by a
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constant sample weight (usually within 1 week), the water loss (in grams per
100 cm3 ) was calculated from the difference in weight. These measurements
were repeated 2 times in the range from log Ihl = 0 to log Ihl = 2 with the
same samples. Between each cycle the samples were saturated by inundation
for 3 weeks.

Results and discussion

Pyrite depth profiles

Figure 3A shows the FeS2 distribution with depth at 4 backmarsh sites in the
Rattekaai marsh. These distributions may be explained by the simultaneous
occurrence of 3 processes:
1. sedimentation of pyrite-containing material,
2. pyrite oxidation in the upper rooting zone,
3. pyrite formation at the transition from the suboxic to the anoxic zones.

The current fine-grained sediments in the Eastern Scheldt originated
mainly from erosion material of subrecent pyritic deposits exposed
elsewhere in the Eastern Scheldt (Oenema 1989). Consequently, surface
layers (0-1 cm) formed by this material contained 0.5-1% FeS2. The
microscopic detection (SEM-XDRA) of FeS2 in suspended matter filtered
from flood currents near the Rattekaai marsh (Kooistra 1981) is consistent
with the proposed role of sedimentation processes in pyrite accumulation.
This surface layer pyrite was preserved in the reducing and rapidly accreting
fine-grained sediments of mussel banks and abandoned channels (Oenema
1988a), but oxidized in the upper rooting zone of the marsh sediments (Figs.
3, 4).

The oxidizing conditions in the upper rooting zone were probably caused
by oxygen intrusion in the sediment via roots of plants such as Spartina
anglica, as suggested by Gleason & Zieman (1981) and Mendelsohn et al.
(1981) and via diffusion of air through pores, drained during low tide (Dacey
& Howes 1984). Pyrite oxidation was not evident in the low marsh (Fig. 3A),
but it was in the medium-high and high marsh and the natural levees (Fig.
4). The medium-high marsh was oxidizing (with positive Eh) in the upper
5-10 cm and reducing (with negative Eh) below 15 cm (Fig. 5). The surface
sediments of the low marsh were less oxidizing. The differences in redox
potentials between the low marsh and the medium-high marsh were related
to the differences in flooding frequency (Table 1) and in growth of Spartina
anglica (Oenema & DeLaune 1988). Unvegetated sites i.e., pan sediments in
the low marsh were highly reducing (Eh - 100 mV or lower) at depths greater
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Fig. 4. Depth distribution of FeS2 in sediments of the medium-high Rattekaai marsh at
varying distances from a creek. (a) m. (b) 9 m. (c) 15 m. and (d) in a pan-sediment from an
abandoned creek. (May 1985).

than 1 cm. Such differences between bare and vegetated sites were also found
by Howes et al. (1981) and are consistent with the observed FeS 2 profiles
(Figs. 3, 4) and pore water chemistry (see below).

Pyrite was formed at the interface of the oxidized and underlying reduced
sediment. The formation was restricted to a rather narrow depth interval; in
the low and medium high marsh at 15-20 cm and in the high marsh at 40-
50 cm. Below this FeS 2 formation zone, no further increases in FeS 2 concen-
tration occurred, and there were even some decreases, which were related to
the lower concentrations of clay, silt and organic carbon at greater depths.
Figure 3 shows the low FeS 2 concentrations in the low marsh and the sharp
decrease in FeS 2 concentration between 50-70cm in the medium-high
marsh, coinciding with the depth of the sandy sediments of the underlying
tidal flat. The calculated net rate of pyrite formation below a depth of 15 cm
in the sediments of the medium-high marsh equalled 2.6-3.8 mol S-FeS2 m-2
yr-', using a FeS 2 concentration of 2-3% (Figs. 3, 4), a sedimentation rate
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Table 1. Characteristics of backmarshes in the low, medium-high and high Rattekaai salt
marsh.

Low Medium-high High

Flooding frequency before 1984 (yr-') 620-550 550-120 < 120
Flooding frequency in 1985 (yr ') 520-410 410-100 < 100
Flooding frequency in 1986 (yr ') 270-100 100-16 < 16
Mean water table depth in 1984 (cm) 0-10 10-15 > 30
Mean water table depth in 1985 (cm) 0-15 10-20 > 40
Mean water table depth in 1986 (cm) 10-40 10-40 > 40
Clay content (%) 5-20 30-50 30-50
Organic carbon content (%) 1-4 5-7 5-7
Porosity (%) 50-70 70-85 60-80

of 1.5 cm yr l (Oenema & DeLaune 1988) and a bulk density of 0.5 gcm- 3.
Since on average 2 mol organic carbon are oxidized for every mol of SO4
reduced, 60-90gCm -2 yr-' needed to be respired annually by the sulfate
reducers to account for the observed FeS2 accumulation. This is only a small
portion ( < 4%) of the estimated annual below-ground carbon input by root
biomass production (Groenendijk 1987).

Unvegetated marsh sediments, such as the reducing deposits in abandoned
creeks (Fig. 4d), contained only 0.5-1% FeS2, and the slight variations with
depth were related to variations in the clay + silt and organic carbon content.
The straight pyrite profiles and the relatively low pyrite concentrations
strongly suggest that both the oxidation of detrital pyrite in the surface layer
and the in-situ FeS2 formation below this layer were negligible.

Seasonal variations in the FeS2 profiles were small. Similar small seasonal
variations were observed in sediments of Great Marsh, Delaware by Lord
(1980). Large seasonal variations in FeS2 concentrations at 0-30cm in
sediments of Sippewissett Marsh, Massachusetts were reported to be related
to seasonal variations in the metabolism of the roots of Spartina alterniflora
(Howarth & Teal 1979). Feijtel et al. (1988) demonstrated the dominant
influence of tide dynamics on redox conditions and pyrite accumulation in
Louisiana salt marshes. The great differences between seasonal cycles of
pyrite accumulation in different regions clearly illustrate the complexity of
marsh geochemistry, particularly in the formation of pyrite in sediments.

Pyrite mineralogy

Abundant pyrite particles were found in the reducing sediment by incident
light and scanning electron microscopy. The pyrite particles were found as

Plate 1. S.E.M. micrographs of framboidal pyrite. -
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framboids ranging from 5-70 micrometers in diameter (Plate 1). Most of the
framboids were clustered in and around roots and diatoms, as observed by
Miedema et al. (1974), Kooistra (1981), and Luther et al. (1982). The single
crystals within framboids were equal in size, but varied greatly (0.5-5 m)
between different framboids. The crystals had an irregularly spherical shape
(Plate D). A few disseminated single crystals were observed, but these were
probably artifacts of sample polishing. Note the disruption of the surface of
several framboids.

Framboidal pyrite is widespread in marine sediments. It is found in
sediments where the pyrite is formed via intermediates of iron monosulfides
and greigite (Berner 1970; Sweeney & Kaplan 1973). Euhedral single crystals
are believed to form when pyrite is synthesized directly (Rickard 1975;
Howarth 1979; Luther et al. 1982). Such small (0.1-2pm) euhedral pyrite
particles may form very rapidly in salt marshes (Howarth 1979). The abund-
ance of framboids in the marshes of the Eastern Scheldt suggests the indirect
formation of pyrite through iron monosulfide precursors.

Red and dark brown patches of iron oxyhydroxide, many of them sur-
rounding roots and pores, were observed in the oxidized surface sediments.
Several dark brown nodules had a framboid-like shape with a pyrite nucleus
remaining inside. Most of these oxidized framboids were observed in the
surface (0-1 cm) layer and at the interface of the oxidizing and reducing
sediments, at a depth of 13-15cm in the medium high marsh. This latter
observation reflected the lowering of the mean depth of the water table in
1986 (Table 1).

The slow oxidation of the detrital pyrite as observed in the suspended
matter and in the superficial sediment of the salt marshes is probably related
to the relatively small surface area of the large framboids (e.g., Pugh et al.
1984). Large seasonal variations in pyrite concentrations were observed in
salt marshes with small euhedral crystals (Howarth & Teal 1979; Luther et
al. 1982; Feijtel et al. 1988). These crystals were 10-100 times smaller than
the framboids observed in the sediments of the Rattekaai marsh. Fram-
boidal pyrite was associated with only small seasonal variations in FeS2
concentrations in the Great Marsh, Delaware (Lord 1980) as well as in the
present study sites.

Hydrological observations

The mean depth of the water table in the backmarshes of Rattekaai was
related to the flooding frequency (Table 1) and surface topography. Un-
vegetated sites in pan-sediments form depressions in the low and medium-
high marsh and were flooded for almost the whole year (before 1985), but
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Fig. 6. Moisture retention curves of backmarsh- and levee samples from the medium-high
marsh. Results of three successive cycles in the range log Ihl = 0 to log Ihl = 2.

the vegetated sites rapidly drained by surface run-off at low tide. After
flooding, the water table typically fell within one day to about 10 cm below
the surface in the backmarsh sediments. Rapid downward movement of the
water table in salt marsh sediments has been ascribed to water-uptake and
evapotranspiration (Hemond & Fifield 1982; Dacey & Howes 1984;
Hemond et al. 1984) and to drainage during low tide (e.g., Howarth et al.
1983). Results presented in Fig. 6 indicate a great loss of pore water (10-
13%), from saturation to a matrix suction of only 2.5cm (loglhl = 0.4).
This great loss was mainly caused by drainage through root channels. A
total of 12-15% soil water drained at a matrix suction of 10cm. A further
increase in matrix suction from 10 to 100cm caused another 5% of pore
water to be drained. Through this latter drainage the unconsolidated back-
marsh sediments lost their capacity to reabsorb all the initially drained water
during a subsequent inundation (Fig. 6). However, when the matrix suction
did not exceed about 10 cm the sediments kept a high water holding capacity
(not shown). Thus, backmarsh sediments remained unconsolidated in the
surface layers as long as the downward movement of the water table did not
exceed about 10 cm. The increased downward movement of the water table
in 1986 (Table 1) irreversibly decreased the water holding capacity of the
backmarsh sediments and led to a subsidence of 1-5 cm in the backmarshes.

Evidence for drainage at low tide was obtained from measurements of
pore water seepage through creek banks. However, the mean seepage rate,
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Fig. 7. Variation in C1 concentrations in pore waters of (A) the medium-high and (B) the low
marsh (October '84-May '86).

estimated from the results of the seepage measurements (0-
170 ml m- hr- ), and the mean length of the creeks per m2 marsh were far
too small (< 20%) to account for the rapid water loss in the top 10 cm after
flooding. An additional but unknown portion may be lost via surface run-off
or downward flow into the underlying sandy sediments and interflow to the
creek bottoms (e.g., Hemond et al. 1984; Jordan & Correl 1985). The
chloride concentration of the seepage water (9-14 gl - ', n = 31) fell in the
same range as that of the pore waters in the top 10cm (1-13gl 1) of the
backmarsh sediments. The seasonally averaged Cl concentration at 30-
100 cm was significantly higher (see below). This suggests lateral drainage of
pore water from surface layers only.

Pore water composition

The variations in pore water Cl- concentration of the low and medium-high
marsh are shown in Fig. 7. The C1- concentration in the surface layers
responds to changes taking place at and near the surface of the marsh. Such
changes are caused by inundation, evapotranspiration and infiltration of
rain water. The chloride oscillations in the surface layers of the low marsh
(14-16 g 1 -') and the medium-high marsh (12-17 g 1- ') were much smaller in
1984-1985 than in 1986. The increased influence of rainfall and evapotrans-
piration in 1986 decreased the C1 concentration in the surface layers of the
medium-high marsh to as low as 7 g l- in May.

With increasing depth in the sediment the variations in C1 concentration
damped out and approached the seasonally averaged Cl- concentration
(Lord & Church 1983; Casey & Lasaga 1987). The similarity between the

E

a)~2

"U



89

seasonally averaged Cl- concentration in the medium-high marsh
(16.5gl1-'), the low marsh (15.5gl - ') and the inundation water (15-
16 g 1- '), suggests that the Cl- concentration in the subsurface of backmarsh
sediments are predominantly controlled by seawater inundation. The dif-
ferences in atmospheric exposure between the medium-high and low marsh
(Table 1) and the excess of precipitation over evapotranspiration of
20 cm yr- in the Netherlands had only a minor influence. In contrast, Casey
& Lasaga (1987) and Lord & Church (1983) reported that the seasonally
averaged salinity in marsh sediments in Virginia and Delaware were 2.3 and
1.7 times higher than in the mean floodwater.

Seasonal variations in S04- concentrations in the medium-high marsh are
shown in Fig. 8. SO'- data were normalized to a time-averaged Cl- con-
centration of 16gl - ' to negate atmospheric effects (precipitation,
evapotranspiration) according to:

SO- (n) = SO4- (x)*C- (av)/C1- (x) (2)

where SO0- (n) = normalized S0 2- concentration at depth x,

SO- (x) = measured SO` concentration at depth x,

Cl- (av) = time-averaged Cl- concentration at depth x,

Cl- (x) = measured Cl- concentration at depth x.

The time-averaged seawater S02- concentration is indicated by the dotted
line in Fig. 8. In 1985, SO- profiles were relatively unaffected by the
reduction in flooding frequency and were comparable to profiles measured
in 1984. In the top 5-20 cm a slight sulfate-enrichment occurred because of
the oxidation of pyrite and upwardly diffusing dissolved sulfides. The sig-
nificant increase in 1986 of the sulfate-enrichment at 15-30 cm was caused
by pyrite oxidation. Pyrite oxidation was most intense in the late summer,
when SO0- and Fe concentrations as high as 70 mM and 2.7 mM, respective-
ly, and pH values as low as 2.7-3.5 were observed (Figs. 8, 9). The sulfate-
depletion below a depth of 10-30 cm indicates net sulfate reduction.

The dissolved Fe2+ and YS profiles of the medium-high marsh (Fig. 9)
generally are similar to those reported for permanently submerged marine
sediments (e.g., Aller 1980; Sorensen & Jrgensen 1987). The subsurface
peak of dissolved Fe2+ was pronounced, with maximum concentrations of
750,M during summer and fall. Equally high Fe2+ concentrations have
been reported for the Great Marsh by Lord (1980), but Fe2+ concentrations
in the pore waters of the surface layers in the Sippewisset Marsh were more
than 10 times lower (Giblin & Howarth 1984). Above the subsurface peak
the Fe2+ concentrations were controlled by oxidation of upwardly diffusing
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Fig. 10. Depth distribution of (A) AVS (acid volatile sulfides) and (B) pH in a Spartina
anglica-supporting medium-high marsh and in a pan-sediment of the low-marsh.

ferrous iron to ferric iron. The low solubility of iron sulfides controlled the
invariably low (< 5 M) Fe2+ concentration in the sulfidic sediment.

Acid volatile sulfides (AVS) were found throughout the sediment (Fig.
10), but in significant concentrations (600 ug g- ' S-FeS) only in the dissolved
sulfide-containing sediment. The presence of AVS in the oxidized surface
layer suggests the accumulation of sulfides in microniches (Jorgensen 1977).
Data of Lord (1980) show high AVS (0.2-0.4% S-FeS) and low pyrite
concentrations in the surface layers (0-8 cm) of Great Marsh, Delaware, and
low AVS ( 0.1%) concentrations in the underlying pyritic sediment. Very
low AVS (< 16 pg S-FeS g-' dry wt.) and very high pyrite concentrations
(6-9%) were reported by Howarth & Teal (1979) for surface sediments
(0-30cm) of Sippewissett Marsh in Massachusetts. There is as yet no
satisfactory explanation for these great differences in AVS and pyrite pro-
files, but differences in pH and redox conditions are probably involved.

Pore water SO-, Fe2+ and ES profiles for the bare sediment were dif-
ferent from those for sediments in the marsh overgrown with Spartina
anglica. In the pan sediment the SO0- concentration decreased rapidly with
depth (Fig. 11 A). The increase below 20 cm was caused by upwardly diffus-
ing SO0- from the underlying sandy sediments (Oenema 1988a). Concentra-
tions of Fe2+ were invariably low (< 5 uM) at depths of > 1 cm in the pan
sediments, because of the precipitation of iron monosulfides (Fig. 10A). The
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Fig. 11. Seasonal variation in dissolved SO2- in the pore waters of sediments from the low
marsh. (A) a pan-sediment and (B) a Spartina anglica-supporting sediment.

overgrown site in the low marsh showed great seasonal variations in SO4-

concentration at 0-15cm (Fig. 1 lB). In early summer SO4- was depleted,
but as Spartina anglica reached maturity the pore waters were enriched with
SO4- . Dissolved ES concentrations were variable, but low (<40,pM) at
0-15cm. Below this dynamic surface layer, S increased to maxima of
200 pM at 30-40 cm which is still 10-20 times smaller than in the pan-sedi-
ments. These observations clearly illustrate the differences between the
geochemistry of overgrown and bare marsh sediments. Even though the
supply of decomposable organic carbon in overgrown sites is much larger
than in pan-sediments, the sulfate-depletion and the concentrations of
dissolved ES were much larger in the latter sediments.

Control of FeS2 formation

The abundance of pyrite framboids and the relatively high AVS and dis-
solved ES concentrations in the reducing marsh sediments all point to the
formation of pyrite through amorphous iron monosulfides, mackinawite
and greigite intermediates (Berner 1970; Sweeney & Kaplan 1973; Rickard
1975). Appropriate conditions for pyrite formation apparently occur in a
narrow range of depths, where the dissolved Fe2+ and IS profiles intersect
(cf. Figs. 3 and 9). A part of the IS reacts with Fe2+ to form iron monosul-
fides (Fig. 10A), another part may oxidize to elemental sulfur (SO), polysul-
fides and sulfate. Further reaction of FeS with S finally produces pyrite.

There are three possible reasons why the conversion of FeS into FeS2 was
rapidly at the interface of the oxidizing and reducing sediment of Spartina
overgrown stands but not in bare sediments.
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1. Roots create local oxidizing conditions (e.g., Gleason & Zieman 1981;
Mendelsohn et al. 1981), that promote oxidation of sulfides to elemental
sulfur.

2. The drainage characteristics (Fig. 6) combined with the seasonal growth
dynamics of Spartina anglica promote an up and down shifting of the
(sub)oxic-anoxic boundary in overgrown-marsh sediments. This shifting
causes a temporal oxidation of reduced sulfur species at the interface,
and so may promote the formation of SO and FeS2.

3. A slightly lower pH (0.2-0.3 units) in overgrown sediments (Fig. 10B)
also promotes pyrite formation (Rickard 1975).

The close association of pyrite framboids with plant roots (see also
Miedema et al. 1974; Luther et al. 1982; Feijtel et al. 1988) focusses attention
on the rhizosphere. This environment may provide room for the growing
framboid clusters, stimulate growth of sulfate-reducing bacteria by releasing
metabolizable substrates, and stimulate pyrite formation directly by the
locally oxidizing and acidic conditions. Possible acidic conditions in the
rhizosphere were inferred from the alkaline nutrient by Spartina anglica
(Oenema 1988a). The observation that the concentration of dissolved ES
and AVS, but also of NH' and XPO 4 sharply increased below the zone of
FeS2 formation (results unpubl.), eventhough the roots extended to depths
of 60 cm or more (Groenendijk 1987; Oenema & DeLaune 1988) is consisted
with the proposed role of active roots in pyrite formation.

The availability of dissolved sulfate, metabolizable organic carbon and
reducible iron ultimately control how much pyrite can form (Goldhaber &
Kaplan 1974; Berner 1984). In the sediments of the Rattekaai marsh dis-
solved SO42- is not the limiting factor for sulfate reduction or pyrite forma-
tion, since the concentrations always exceeded 5 mM. The control of pyrite
formation by organic carbon is generally suggested by their linear
relationship (Berner 1982; Raiswell & Berner 1985). This relationship im-
plies that a constant proportion of the organic carbon deposited was oxi-
dized by bacterial sulfate reduction, and that also a constant proportion of
the produced sulfide was converted to pyrite. Both the contribution of
sulfate reducers to organic carbon oxidation and the percentage of bacteri-
ally reduced sulfide trapped in marine sediments are related to the sedi-
mentation rate and have been found to range from 1-70% (Berner 1978;
Jorgensen 1982; Chanton et al. 1987). Despite this variance there is a fairly
constant C/S ratio (organic carbon to S-FeS2 on a weight basis) of 2.8 + 0.8
in a number of marine sediments. (Goldhaber & Kaplan 1975; Berner 1982).
In the reducing part of marsh sediments in the Eastern Scheldt, the organic
carbon concentration varied between 0.8 and 7.1% and the C/S ratio
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between 3.5 and 6.3, with a mean of 4.2. The high C/S ratio may reflect in
part the presence of land-derived refractory organic carbon (Oenema 1989),
but since the concentrations of organic C and detrital Fe were related, there
may be also shortage of easily reducible iron.

Lord and Church (1983) ascribed the slow pyrite formation and the very
low AVS concentration below a depth of 9cm in sediments of the Great
Marsh to the slow dissolution of refractory ferric iron. In the sediments of
the Eastern Scheldt marshes, the oxalate-extractable Fe (Feox) concentra-
tions decreased from 1-2% in the oxidized surface layers to 0.1-0.5 in the
sulfidic sediment (Fig. 2). Only a minor part of this depth variation was
related to a subsurface enrichment of iron: Fe/Al (XRF) ratios at 0-5 cm
were slightly higher than those below 15 cm. The major part of the depth
variation in Feox was due to pyrite formation. DOP values increase from
< 0.3 in the oxidized surface layers to approximately 0.7-0.8 in the reducing
layers (Fig. 3B). The constancy of the DOP in the reducing sediments,
indicates that only 70-80% of Feo,, was readily available for pyrite forma-
tion. A part of the residual 20-30% Fe,,o was tied up with the AVS (0.1-
0.2% Fe; Fig. 9A). Another part was apparently not readily accessible for
sulfidation because of its larger crystal grains (Rickard 1974; Pyzik &
Sommer 1981).

The data so far do not allow to conclude whether shortage of reducible
Fe or the absence of an active root system limits further pyrite formation
below a depth of about 20 cm in the medium-high marsh.
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