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Abstract. Sulfate reduction and sulfide accumulation were examined in fine-grained sediments
from rapidly accreting abandoned channels and mussel culture areas in the Eastern Scheldt,
which covered 4 and 5% of the total surface area, respectively.

Reduction rates were measured in batch experiments in which the SO}~ depletion was
measured during anoxic incubation. The reduction rates in summer varied between 14—
68 mmol SO3"m~?day~' and were related to the sedimentation rate. In the most rapidly
accreting channels, SO~ was exhausted below 15-50cm and methanogenesis became the
terminal process of organic carbon oxidation.

One-dimensional modelling of sulfate profiles in mussel banks indicated that the subsur-
face influx of SO2~ was almost of the same order as the diffusive flux at the sediment-seawater
interface, during the initial stages of the mussel bank accretion. The energy dissipation of
waves and tidal currents on the mussel bank surface increased the apparent sediment diffusiv-
ity up to 3-fold, especially in the winter.

The results indicate that acid volatile sulfide (AVS) was the major, in-situ reduced, sulfur
compound in the sediment. The sulfidation of easily extractable iron was nearly complete.
Pyrite concentrations (40-80 uM Scm—2) were as high as the AVS concentrations, but there
was apparently no in-situ transformation of AVS into pyrite. The detrital pyrite originated
from eroding marine sediments elsewhere.

Introduction

Bacterial sulfate reduction is an important pathway for organic carbon
mineralization in nearshore marine sediments (Jergensen 1977, 1982;
Howarth 1984; Crill & Martens 1987). In this process organic compounds
are oxidized and dissolved sulfate is reduced simultaneously by
heterotrophic microorganisms. A necessary pre-condition for sulfate reduc-
tion is an anoxic environment.

The rate of sulfate reduction in marine sediments is primarily dependent
on the amount and reactivity of decomposable organic carbon (Berner 1964;
Goldhaber & Kaplan 1975; Lyons & Gaudette 1979; Westrich & Berner
1984). A fair correlation has been observed between the rate of sulfate
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reduction and the rate of sedimentation (Goldhaber & Kaplan 1975; Toth
& Lerman 1977; Berner 1978; Jorgensen 1982).

Several studies have shown that only a small percentage of the sulfide
produced by bacteria is trapped in the sediment as iron sulfide (e.g., Jorgen-
sen 1977; Berner 1984; Howarth 1984; Berner & Westrich 1985). Most of it
diffuses upward, and is re-oxidized in the surface layer. The availability of
easily reducible iron (Berner 1970; Pyzik & Sommer 1981), bioturbation and
the rate of sedimentation (Chanton et al. 1987), all seem to be major
influences on sulfide retention.

Thus, with an increase in sedimentation rate, the relative importance of
organic carbon mineralization by sulfate reducers and the sulfide retention
increase. However, high rates of sulfate reduction cause exhaustion of
interstitial sulfate in the subsurface sediment, and under such conditions
methanogenesis becomes the terminal process of organic carbon mineraliza-
tion (Claypool & Kaplan 1974).

The extent of sulfate exhaustion depends on the balance of the reduction
rate in the sediment and the transport rate of sulfate from the overlying
seawater into the sediment. The latter process seems to be influenced by the
sedimentation rate as well, since methane bubble ebullition from methane
saturated sediments enhances the solute transport between sediment and
overlying seawater (Klump & Martens 1981; Martens & Klump 1980). This,
in turn, may affect the total rate of sulfate reduction in rapidly accreting
sediments.

This paper reports investigations on bacterial sulfate reduction in fine-
grained sediments in the Eastern Scheldt, a tidal inlet in the southwestern
Netherlands (Fig. 1). The rate of sulfate reduction, sulfide accumulation and
the pore water characteristics in these sediments will be discussed.

Methods
The study sites

Before 1987 the Eastern Scheldt had a surface area of 450km?® and an
average depth of 8 m. The sediments were predominantly sandy, with low
concentrations (<0.1%) of organic carbon. Fine-grained sediments were
present in mussel culture areas (mussel plots) on 16km? of tidal flats and
channels within and below the tide range (Fig. 1). The mussels (Mytilus
edulis L.) are grown by bottom culture on the sandy surfaces of the tidal
flats. Within a period of 6-12 months, they deposited 10-15 cm of faeces rich
(1-3%) in organic carbon on the sandy surface of the tidal flats and channe!
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slopes (Oenema 1989). At the end of the 1-2 year growth period, both
mussels and mud were removed by dredging. Another depositional environ-
ment of fine-grained sediments was present in artificially created abandoned
channels, covering approximately 5% of the total surface area of the Eastern
Scheldt (Fig. 1). These channels lost much of their tidal discharge after
having been cut off within the framework of the ‘Delta-Plan’ (Knoester et
al. 1984).

Mussel banks were sampled at St. Annaland (SA), Zandkreek (ZA) and
the Hammen (HA); channel sediments were sampled in the Zandkreek
(ZA), Krabbenkreek (KR), Volkerak (VO), Marollegat (MA) and the Mos-
selkreek (MO) in August 1984-December 1986 (Fig. 1).

Interstitial water analysis

During a period of one year the pore waters from a thick, 1-2 years old
mussel bank were sampled at 1-2 month intervals, using the technique of
in-situ dialysis (e.g., Hesslein 1976). The in-situ pore water sampler enabled
repeated sampling at exactly the same location, as described in detail in
Oenema (1988b). This technique was used to avoid the large spatial varia-
tion within and between mussel banks. Tests indicated that the concentra-
tions of C1~ and SO}~ in the sampler and those in cores taken at a few cm
distance from the sampler differed less than 5% after equilibration for 30
days.

Other sites on the intertidal flats were sampled by slowly twisting a PVC
tube (i.d. 10cm) in the sediment. In the channels the cores were taken by
divers. Pore water from sediment cores was sampled by a centrifugation
technique; 1-3 cm sediment sections were quickly transferred into airtight
stoppered tubes, flushed for Smin with N, gas and centrifuged for 5Smin,
close to the temperature at the sample site.

The pore waters were analyzed by standard auto-analyzer techniques for
Cl~ (mercury thiocyanate; Zall et al. 1956), SO?~ (methylthymol blue;
Merks & Sinke 1981) and total dissolved sulfide (£S) by methylene blue
(Gilboa-Garber 1971). Standard deviations of the SO?~ determinations
varied from 1% at the level of seawater concentration (22 mM) to 5% at
1-2mM. .

Methane concentrations were determined once (December 1986) in cores
from abandoned channels. Two ml of sediment was transferred by a
decapitated syringe into 25ml glass vials with butyl rubber stoppers. CH,
concentrations in the headspace were determined by a gas-chromatograph,
4 days after sampling.
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Measurement of sulfate reduction

Rates of sulfate reduction were calculated in uM SO~ cm~* wet sediment
day~! from the SO3~ depletion in incubated sediment samples. Sediment
sections of 1-3 cm were sampled with 5ml decapitated syringes and three
portions of 23-25cm® were quickly transferred into three 25ml glass vials
fitted with butyl rubber caps. The headspace of the vials was immediately
flushed with N, gas for 5-10min. One vial was used for the determination
of the initial SO;~ concentration, the two other vials were incubated in
anoxic mud at in-situ sediment temperature for 1-3 weeks. Pore water was
obtained by centrifugation. Two ml was transferred into tubes containing
5ml Zn-acetate (0.4%). After 1-7 days of storage in the refrigerator, these
tubes were again centrifuged prior to analysis, to remove any precipitate
including zinc sulfides.

Reduction rates were also calculated from the SO~ depletion in undis-
turbed sediment cores in Plexiglas tubes (I.D. 5.6 cm, length 30 cm) sealed in
thick-walled, closely fitting PVC tubes and by the radio-tracer technique of
Hordijk et al. (1985), with small modifications (Oenema 1988a). The results
of the whole core incubations (78 + 31mM SO m~*day~') and the
radiotracer experiments (92 + 27mM SO2- m~2day~') differed less than
20% from those of the batch experiments (87 + 16 mM SO2- m~2day~!)in
September 1985 (5 cores each). This suggests that the mixing of the sediment
in the batch experiments did not significantly affect the rate of SO3~ reduc-
tion.

The rate of SO~ reduction was linear during the course of incubation.
This was observed during the short term (1-4 hrs) radiotracer experiments,
as well as in the batch incubations, following the SO3~ depletion over 1-2
weeks in summer and 2-8 weeks in winter.

Sediment analysis

Acid-volatile sulfides (AVS) were dissolved after addition of 2ml SM HCI
to 2ml of sediment and trapped into two Zn-acetate traps with N, as a
carrier gas. The distillation was continued for 1 hr. Extraction with 5M HCl
has been shown to yield slightly lower AVS concentrations than with 5M
HCI + SnCl,, since SnCl, prevents the oxidation of XS by dissolved Fe’*
(Chanton & Martens 1985, Morse & Cornwell 1987). The quantity of sulfide
so collected, which was analyzed by iodimetric titration (Bassett et al. 1978),
may therefore underestimate the total AVS concentration.

Pyrite was determined in oven-dried (80 °C) samples by selective Fe-FeS,
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dissolution (Begheyn et al. 1978). A 1:2 molar Fe/S ratio was used to convert
Fe-FeS, into S-FeS,.

Easily reducible iron oxyhydroxides were determined by extraction with
NH,-oxalate (1 M; pH 3) for 4 hr (Schwertmann 1964). The dissolved iron
concentration was analyzed by AAS.

Results
Depletion of interstitial sulfate

The slight seasonal salinity gradient in the Eastern Scheldt was reflected
almost without time-lag in the variations of the Cl~ and SO3~ profiles of the
sandy sediments from the tidal flats (Fig. 2). This suggests a rapid sediment-
seawater exchange in these sediments with very low organic carbon con-
centrations (<0.1%).

The presence of organically-rich debris in mussel banks stimulated bac-
terial sulfate reduction and caused pore water SO;~ depletion with depth
(Fig. 3). In the sandy sediments below the mud deposits, the SO;~ con-
centration was nearly as high as in the overlying seawater. Occasionally, in
thick (> 15cm) mussel banks, SO2~ was found to be almost exhausted at
depths of 10-15cm, especially in the summer and fall (Fig. 4).
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Fig. 2. Seasonal variations in pore water sulfate and chloride concentrations in a sandy
sediment (< 0.1% org. C, < 5% clay + silt) of the intertidal zone.
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Table 1. Sulfate reduction rates in mussel banks; means and ranges.

Period of Incubation Reduction rates Number of
sampling temp. (°C) mmol SO} m~2day~! cores
February 3 7(3-9) 5

April 8 28 (12-38) 6
July-Sept. 17-20 68 (37-130) 31

October 15 46 (37-87) 6

In recently-abandoned channels, for example in the Mosselkreek, SO;~
rapidly decreased in the top few cm but increased again near the interface
of the shallow mud deposit and the underlying sandy sediments. This
phenomenom was also observed in mussel banks less than 1 year old, and
implies a flux of SO;~ from the sandy subsurface towards the overlying
fine-grained sediment. Where the thickness of the mud deposits in the
channels exceeded 30-60cm, SO;~ was exhausted at depths of 15-50cm
(Fig. SB).

Methane concentrations were low (< 20nM CH, cm~?) in the sediments
with pore waters containing SO;~ . In sulfate-exhausted sediments the pore
waters were oversaturated with CH, at depths of 7 to 25cm. Below these
depths, the cores were filled with CH, bubbles and the CH, concentrations

varied between 1.5 and 6 uM cm >,

Sulfate reduction

Mean rates of sulfate reduction in mussel banks are listed in Table 1. Most
of the data pertain to the summer and fall, when reduction rates were high,
because of high temperatures and thick mussel banks. After the planting of
the mussels in early spring, the layer of accumulated faeces increased from

Table 2. Means and standard deviations of sulfate reduction rates (mmol SO2- m~2day~') in
sediments from abandoned channels in September (15-16 °C) and December (8-9 °C) 1986.
Means of 3-6 cores.

Location Sedimentation Org. C Sulfate reduction rate
rate (cmy~1)* %)*
(emy™) (%) Sept. Dec.
Volkerak 1.5 1.5 14 + 3
2.5 3.0 32+5
Krabbenkreek 4 1.5 24 + 7 10 + 8
5 2.5 43 + 8 10+ 6
Zandkreek 10 2.5 41 + 7 27 + 6
15 35 47 £+ 11 28 + 8
Mosselkreek 5 2.5 37 £ 11

* from Oenema (1989)
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Fig. 5. (A) Sulfate reduction profiles and (B) sulfate concentration profiles of sediments in the
Zandkreek channel. Mean results of 6 cores each; horizontal bars denote + 1 s.d. Curves are
fits with the modified Berner model for various sediment diffusion coefficients (D,, in
cm?day~'). Arrows in B denote seawater sulfate concentration. (see Discussion).

essentially zero to 10-15c¢m in late fall. The reduction rates were 10-
30mM SO;  m~?day ' in the shallow mussel banks during early summer,
and 40-130mM SO?" m~*day~! in the 15cm thick mussel banks in late
summer and fall. Another part of the depth variation is caused by the
heterogeneity of the mussel banks (sand-layers, dead mussels, bioturbation
by catworms, Nepthys hombergii).

Results from the abandoned channels are shown in Table 2. Rates of
sulfate reduction decreased with depth, presumably because of substrate
limitation and sulfate exhaustion (Fig. 5). Reduction rates were highest at
the most rapidly accreting sites, near the end of the channels. The depend-
ence of bacterial sulfate reduction on the supply of easily decomposable
organic material is demonstrated by the relation between the mean reduc-
tion rates in the top 2cm and the mean sedimentation rate (Fig. 6).
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abandoned channels in September 1986. Numbers refer to number of replicates.

Sulfide accumulation

In recent mussel banks, the dissolved XS concentrations were low
(< 0.2mM). High concentrations (2-8 mM) were observed in 1-2 year old
mussel banks (Fig. 7A). Surface layers (0-3cm) contained little £S in
autumn and winter, because of stronger wave agitation in these seasons.
Concentrations of S were low in the sulfate-exhausted channel sediments,
where methanogenesis was the terminal process of organic carbon
mineralization (Fig. 7B).

Acid volatile sulfide (AVS) concentrations typically varied between 40—
80 uM Scm™? in the black colored muds (Fig. 8). Pyrite concentrations
ranged from 30-60 uM Scm~> in mussel banks to 60-100uM Scm™ in
channel sediments. Both pyrite and AVS concentrations varied little with
depth (Fig. 8). The oxalate-extractable Fe concentration (Fe,,) varied bet-
ween 30-65uM in mussel banks to 80-105uM Fecm ™ in channel sedi-
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Fig. 7. Total dissolved sulfide in (4) 1-2 year old mussel bank and (B) in sediments of the
Zandkreek. Note the difference in depth scale.

ments. Comparison of the AVS and Fe_, concentrations (the latter included
also the iron tied up with AVS) indicated that a large fraction of Fe,, was
converted to FeS, especially in mussel banks more than one year old.

Discussion

Rates of sulfate reduction in the fine-grained sediments of the mussel banks
and abandoned channels in the Eastern Scheldt were as high as, or higher
than, those reported for other near-shore marine coastal sediments (e.g.,
Skyring 1987). High rates of sedimentation in abandoned channels resulted
in complete SO2- exhaustion and methanogenesis became the terminal
process of organic carbon mineralization. Reduction rates in mussel banks
were not limited by SO~ exhaustion, even though reduction rates were very
high in late summer. Apparently, there was a large influx of SO?- into the
mussel banks.
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Fig. 8. Acid volatile sulfides (AVS) and pyrite (FeS,) in (4) 1-2 year old mussel bank and (B)
in sediments of the Zandkreek. Note the difference in depth scale.

Modelling the sulfate profiles in mussel banks

One-dimensional diagenetic models can provide a check for consistency in
the measured distributions of dissolved constituents, reaction rates and
authigenic minerals (Berner 1980). The changes in pore water SO}~ with
time t at a given depth x below the sediment surface are a function of
transport (diffusion, advection, sedimentation) and bacterial sulfate reduc-
tion (Berner 1964):

dC d*C  wdC

% - Pae T & M

where C = SOZ~ concentration (uMcm™?),
D, = SO2- diffusion coefficent (cm?day~"),
w = sedimentation rate (cmday~'), and
R, = depth dependent rate of SO3~ reduction (uM cm~>day").

X

il

The main purpose of the following models was to study the SO}~ transport
in the pore waters of accreting mussel banks. A two-layer model was used.
In the upper layer, the mussel bank, the change in SO}~ concentration with
time and depth was described by Eq. (1). In the lower layer, the underlying
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sandy tidal flat sediments, the SO;~ concentration was governed by diffusion
and advection only, according to the formula:

dC d*C dC
rri D, e +V I )

where V = mass flow (cmday~'), and D, = SO3- diffusion coefficient in
the sandy sediment.

The microbial organic carbon oxidation by sulfate reduction can be
adequately described by first-order kinetics (Berner 1964; Westrich & Berner
1984), and the depth dependent rate of SO;~ reduction by the expression:

R, = Ryexp(—bx) (3a)

where R, = the reaction rate at zero depth, b = attenuation coefficient
(cm™1).

A simple sine function was used to correct sulfate reduction rates in the
mussel banks for seasonal variations in temperature:

R, = {R, + Asin(2nt/365)} exp(—bx) (3b)

where R, = mean sulfate reduction rate at zero depth, and A = am-
plitude.

R, and A were estimated from the sulfate reduction rate measurements and
the Arrhenius law for temperature correction. R, and A were set at 0.6 and
0.4 uM SO; cm~3day~', respectively. The attenuation coefficient b was
estimated from the SO3~ and reduction rate profiles; it varied from 0.1 to
0.3cm™".

Equations (1) and (2) were solved numerically using Gear’s method (Dew
& Walsh 1981) for the following conditions:

initial condition (t = 0): C = Cjforx = 0tox =
boundary conditions (t > 0): C = C, forx = 0
C=C,forx =

Eq. (1) holds for x = 0 to x = wt
Eq. (2) holds for x = wttox = ©
w = 0.07cmday' for t < 210 days
w = 0.001 cmday~! for t = 210 days
In order to save computer time, the lower boundary was set at x = 32cm,
i.e., twice the maximum thickness of the mussel bank.

The shape of the generated SO~ profiles (Fig. 9A) closely resemble the
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basic shape of the measured profiles (e.g., Fig. 3). A strong SO;~ depletion was
obtained when annual mean diffusion coefficients (D, = 0.4cm?day~!) were
used. The diffusion coefficient in sediment, corrected for porosity and tortuos-
ity, was calculated from the diffusion coeflicient D in seawater (Li & Gregory
1974), according to D, = D®"~!, with n = 2 (Ullmann & Aller 1982) and
® = porosity (0.6). With the growth of the mussel bank, the SO3~ depletion
increased. The pore waters of the underlying sandy tidal flat sediments also
became depleted, because of a diffusive flux towards the depleted pore waters
of the mussel banks. After approximately 1 year, the sandy subsurface was
almost as depleted as the mussel banks and the upward flux of SO?~ decreased.
In this case, the generated SO3~ profiles were similar to the measured profiles
in the thick, 1-2 year old mussel bank (Fig. 4).

Several important conclusions can be drawn from the behavior of this
model. The subsurface SO?~ flux was almost as large as the sediment-
seawater exchange, during the initial stages ( < 6 months) of the mussel bank
growth. Mass flow of pore water in the sandy sediments increased the
importance of the SO~ influx from the subsurface and significantly
diminished the SO~ depletion in the mussel bank (Fig. 9A). There are no
measurements of mass flow available, but the possible occurrence of advec-
tion was inferred from the almost instantaneous equilibration of the pore
water Cl~ concentration in tidal flat sediments whenever seasonal changes
in the Cl~ concentration of the overlying seawater occurred (Fig. 2). A
change in the apparent sediment diffusion coefficient in the upper layer also
had a marked effect on the concentration profiles. This is in accordance with
the observations of Jergensen (1978). Such increases in apparent dif-
fusivities, up to 3-fold, can be caused by waves and tidal currents.

In a simpler one-layer model Eq. (1) was solved for a steady-state situa-
tion (dC/dt = 0). The analytical solution of Eq. (1) for the boundary
conditions:

0 C = CO
X = h = wt C = (C, is given in Eq. 4.

CX=CQ+

R, 1 —exp(—bh) WX
ikl B —bh)y—1 (4
b2D5+ bW* (Wh) *eXp ])S +CXp( ) ( )
eXp E —1

s

Results of this model, using data similar to those used for the transient-state
model, are shown in Fig. 9B. Again, the basic shape of the generated profiles is
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profiles is similar to the measured profiles. There are, however, two major

differences with the results of the two-layer transient-state model:

— The one-layer steady-state model does not provide for SO~ depletion in
the underlying sands. This caused steeper gradients of concentration
against depth near the lower boundary and, consequently, a stronger
upward-directed flux.

— The response of the SO}~ profiles to a decrease in reduction rates during
the winter (e.g., January profiles) was too slow in reality to establish
steady-state conditions readily. Thus, the transient-state model predicted
a much stronger SO;~ depletion than the steady-state model during the
winter season. However, measured SO?~ profiles in winter (Fig. 3)
showed a small depletion only. This would indicate that the apparent
sediment diffusivity was greater during the winter than during the
summer season.

Modelling of SO~ reduction in channel sediments

For sulfate-exhausted sediments, Boudreau and Westrich (1984) advocate
the use of models that include formulations for the reduction kinetics that
are also dependent on the SO~ concentration. However, for convenience,
a modification of the original Berner (1964) model was proposed. This
model excludes the negative SO2~ concentrations implicit in the original
model, by solving Eq. (1) for the following boundary conditions (steady-
state conditions):

X = 0 C == Co
0and dC/dx = 0

The solution in dimensional form is as follows:

R,D, —D,bz + wz WX
= — 1 — ——
S = G~ Bow  wr*P D, * “PlD

s

X = 2z C

_ Ryexp(—bx)

Db’ + wb (5

where z is the depth of sulfate-exhaustion. R, was solved for x = z and
C, = 0 to obtain:

D —D.,bz + wz ZW
= e B e T We 1 — v
R = & g reer( ) (1 - oo (5)
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1 — exp(—bz)
+ (s Q

Equation (5) was fitted to the measured SO;~ profiles to obtain estimates of
the SO?~ exhaustion depth z and the attenuation coefficient b. Results are
shown in Fig. 5B. The best fits were obtained for z = 20 and z = 28cm in
September and December cores, respectively. In order to check that these
results were consistent with the measured reduction rates, the appropriate
rate equation given in Eq. (3a), was fitted to the measured reduction rate
profiles (Fig. 5A), where R, is given in Eq. (6). Reasonable fits were obtained
with apparent diffusivities of 1-2 times the molecular diffusion coefficient,
corrected for porosity (0.83) and tortuosity. The slightly increased apparent
diffusivity in the sulfate-exhausted sediments was probably caused by the
effects of methane bubble ebullition on solute transport in pore waters
(Klump & Martens 1982).

Even though the model described the measured concentration and rate
profiles reasonably well, simple steady-state diagenetic equations may not be
appropriate for sediments in abandoned channels. The seasonal variations
in sedimentation conditions (Oenema 1989) and the possibility of a summer-
time subsurface maximum in reduction rates through the upward diffusion
of CH, (Devol et al. 1984) suggests that the dependence of sulfate reduction
on one steady pool of substrate is inaccurate. Note e.g., the decrease in
reduction rate in the surface layers of the December vs. September cores
(Fig. 5A). Further study is needed to clarify the importance of seasonal
variations in substrate sources for sulfate reducers in these channel sedi-
ments.

Sulfide accumulation

During the early months of mussel bank accretion, much of the bacterially
produced sulfide reacted rapidly with the easily reducible iron
oxyhydroxides to form FeS. With increasing height of the mussel banks the
net accretion and thus the supply of reducible iron oxyhydroxides slowed
down, and high concentrations of dissolved XS built up in the pore waters
of these thick mussel banks. The large seasonal variation shown in Fig. 7A
thus includes both the effect of temperature on rates of £S production (e.g.,
Jorgensen 1977; Crill & Martens 1987) and the effect with time of a dimin-
ishing pool of easily reducible iron oxyhydroxides. The concentration of
easily metabolizable organic matter also decreased with time, but was
apparently still large enough to support high rates of sulfate reduction.
The straight FeS, FeS, and Fe_,, profiles (Fig. 8) strongly suggest that the
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iron monosulfides were not transformed into the thermodynamically more
stable pyrite (Berner 1970, 1984; Sweeney & Kaplan 1973). Formation of
FeS, would involve the reaction of FeS with reduced sulfur at intermediate
oxidation stages, such as elemental sulfur or polysulfides (Berner 1970;
Rickard 1975). The concentration and formation rate of these sulfur species
are low in reducing sediments (e.g., Howarth & Jorgensen 1984; Luther et
al. 1985) and, therefore, may limit in-situ FeS, formation via FeS inter-
mediates. Thus, high FeS concentrations will be preserved in the highly
reducing mussel banks and channel sediments. These concentrations are up
to 3 times the maximum concentrations reported for near-shore marine
sediments in the Gulf of California (Goldhaber & Kaplan 1980), Long
Island Sound (Aller 1980), Limfjorden (Howarth & Jorgensen 1984; Jorgen-
sen 1977) and Cape Lookout Bight (Chanton et al. 1987). However, in those
latter sediments FeS converted to FeS, and the FeS concentration rapidly
decreased and the FeS, concentration increased with depth.

High FeS, concentrations were observed in the surface layers of all recent
sediments (Fig. 8). Pyrite may form rapidly in surface layers of marine
sediments (Berner 1970, Howarth & Jorgensen 1984) and high concentra-
tions of reduced sulfur near the sediment-water interface are generally
considered to be diagenetically produced (Berner 1970; Sweeney & Kaplan
1980; Goldhaber & Kaplan 1980). However, it is likely that most, if not all
of the surface layer pyrite in the Eastern Scheldt sediments if of detrital
origin.

"lg“he recent sediments in the Eastern Scheldt mainly consist of material
from eroding, older marine deposits, containing FeS,. Pyrite has been
detected in suspended matter (Kooistra 1981) and in the oxidizing surface
layers of salt marshes (Oenema 1988a). In-situ pyrite formation in the
surface layers of recent sediments cannot totally be ruled out, but probably
did not exceed 30% of the total FeS, concentration. This figure was
estimated from the small difference between the FeS, concentrations in the
recent channel bottom sediments and the newly-deposited surface sediments
of salt marshes. In the marshes the detrital FeS, was oxidized in the surface
layers, and its concentration decreased from 40-80 uM at 0-1cm to <8 uM
S-FeS,cm~? at 5-12cm (Oenema 1988a).

Conclusions

The results of this study indicate that the upward diffusion of SO}~ from the
underlying sandy sediments significantly contributed to the total influx of
SO2- into mussel banks. The subsurface influx of SO, in combination with
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increased apparent sediment diffusivities, prevented the pore waters from a
total exhaustion of SO3~, especially in summer when reduction rates were
high. The mussel banks were removed by dredging after a growth period of
1-2 years, so that the sandy subsurface sediments became exposed tem-
porarily. This allowed a rapid replenishment of the sulfate-depleted pore
waters before a new mussel culture started. In the recently abandoned
channels, the siltation was continuous and there the effect of the upward
diffusion of SO3~ from the sandy subsurface gradually faded away.

The sedimentation rate was the chief determinant of the rate of sulfate
reduction. In the most rapidly accreting channels SO~ was exhausted below
a depth of 15-50cm. Pore waters of these sediments were saturated with
CH, at depth greater than about 10cm.

Acid volatile sulfides (AVS) and pyrite (FeS,) accumulated both at a rate
of 4-7.5molesSm~2yr~! in the highly reducing sediments. AVS was the
major end product of in-situ reduced S. In thick mussel banks apparently all
easily reducible iron oxyhydroxides were converted into acid volatile iron
monosulfides. The steep dissolved IS profiles in the surface layers indicate
that also a large portion of the in-situ reduced S diffused upward to the
sediment surface, where it probably oxidized. Most, if not all, of the pyrite
in the recent sediments was of detrital origin. The in-situ pyrite formation
via AVS intermediates was very slow, since no change in the depth profiles
of AVS, FeS, and Fe,, was found.

The upward SO?~ diffusion from the sand layers below organically-rich
debris, the sedimentation of detrital pyrite and the apparent absence of
in-situ pyrite formation make mussel culture areas and abandoned channels
in the Eastern Scheldt unique environments.
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