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Abstract

An integrated study, combining biogeochemical, stable isotope, micro-sensor, sedimentologi-
cal, phase-analytical, and molecular ecological methods, was carried out in April 1998 in
a temperate intertidal mudflat (Site Dangast; German Wadden Sea of the southern North Sea).
The biogeochemical zonation was investigated in relation to the vertical abundance of total and
sulfate-reducing bacteria, crustaceans, nematodes, flagellates, and ciliates. Total organic carbon
(TOC) contents of the sediments ranged between 1.0 and 3.3% dry weight and were related to
the abundance of clay minerals, indicating sorption processes on mineral surfaces to control
organic matter burial. The sediments above 9 cm below sea floor contained an excess of TOC
compared to the relationship between TOC and pyrite sulfur proposed for normal marine
sediments. The downcore variation of the carbon isotopic composition of organic matter
reflected the preferential microbial degradation of labile (marine) organic matter relative to
a more resistent (terrestrial) organic matter fraction. The oxygen penetration depth was 4.6 mm
in the light and 1.2 mm in the dark, and coincided with the maximum abundance of ciliates,
crustaceans and heterotrophic flagellates. Although sub-oxic conditions were indicated by the
presence of dissolved Fe(II) and Mn(II) to about 15 cm depth, bacterial sulfate reduction rates
between 14 and 225 nmol cm ~* d ™! were measured using radio-tracers with a first maximum
at around 2 cm depth. Up to 80% of the total cells as detected by DAPI-staining hybridized
with a rRNA-targeted oligonucleotide probe specific for the domain bacteria (EUB338).
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Sulfate-reducing bacteria as detected by probe SRB385 showed high abundance (up to 7% of
total cells) in the upper 5 cm of the sediment. Total and cell numbers of sulfate reducers were
highest at about 2 cm and decreased with depth. Cellular sulfate reduction rates were estimated
from the SRB counts by fluorescence in situ hybridization and the measured sulfate reduction
rates and ranged between 0.06 and 0.55 fmol SOZ~ cell ! day ™' which is at the lower end
determined for pure cultures. From a comparison of cellular SRR and stable sulfur isotope
(**S/32S) fractionation between coexisting dissolved pore water sulfate and sedimentary
reduced sulfur species with laboratory studies a significant contribution of bacterial dispro-
portionation reactions within the oxidative part of the sedimentary sulfur cycle is indicated.
© 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

In marine sediments, the degradation of organic matter (OM) by bacteria is coupled
to the consumption of oxygen, nitrate, manganese and iron oxyhydroxide, and sulfate
as the final electron acceptors. In coastal marine sediments OM oxidation proceeds to
a large part via anaerobic microbial activity using dissolved sulfate as the final
electron acceptor (Jorgensen, 1982) and is associated with the formation of hydrogen
sulfide according to the overall reaction (for typical marine organic matter)

(CH,0),06(NH3),6(H;PO,) + 53SO;™ + 14H™
— 106 HCO3; + 16 NH; + HPOZ™ + 53 H,S. (1)

The rates of dissimilatory sulfate reduction in intertidal sediments may vary consider-
ably between about 0.2 and 104 mmol m ™2 day ~ ! (Trudinger, 1992) and are generally
controlled by temperature, the availability of dissolved organic compounds (Vosjan,
1974), and the abundance of sulfate-reducing bacteria. The reduced sulfur species
produced can be lost from the pore waters mainly by precipitation of iron sulfides, by
re-oxidation, and by release from the intertidal sediments to surface waters or the
atmosphere. Although a number of studies investigated the biogeochemical zonation
related to the oxidation of organic matter in coastal marine sediments (e.g., Sgrensen
and Jgrgensen, 1987; Thamdrup et al., 1994; Moeslund et al., 1994), the corresponding
bacterial distribution was typically not characterized. Especially, the observation of
significant bacterial sulfate reduction in the suboxic zone of the sediments (e.g.,
Moeslund et al., 1994) requires the presence of a high number of sulfate-reducing
bacteria in the non-sulfidic part of the sediments and effective mechanisms for the
reoxidation of hydrogen sulfide. Analytical techniques for the in situ enumeration and
characterization of bacterial cells have been sucessfully applied to coastal marine
sediments (Llobet-Brossa et al., 1998) but a combination of these molecular ecological
methods with biogeochemical techniques to the sulfur-carbon-manganese-iron
cycles in near-surface sediments has not been carried out, yet.
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In the present study we have for the first time combined methods to measure the
geochemical and stable isotopical composition of pore waters and sedimentary solid
phases with fluorescence in situ hybridization (“FISH”; Amann et al., 1995) with
rRNA-targeted oligonucleotide probes to determine the vertical abundance of total
and sulfate-reducing bacteria. The biogeochemical zonation in the porewater—sedi-
ment system related to the degradation of organic matter is characterized, and sulfur
isotopes are used to evaluate the dominant reactions in the sedimentary sulfur cycle.
In previous studies a strong influence of mineral surfaces on the availability of organic
matter and redox-sensitive metals in tidal sediments has been demonstrated (e.g.,
DeFlaun and Mayer, 1983). Therefore, the abundance of phyllosilicate minerals in the
sediments was analyzed. Finally, the consequence of the biogeochemical zonation on
the depth-dependent abundance of crustaceans, nematodes, heterotrophic flagellates,
and ciliates was considered.

2. Study area

The river Weser is one of the four major rivers draining into the German Bight in
the southern North Sea. The Jade Bay, a meso- to macrotidal embayment, is situated
in the coastal area to the west of the Weser estuary in the northern part of Lower
Saxony (Germany). The Jade Bay is influenced by the fluvial input of the river Weser,
and the mean tidal range in the southern part reaches 3.75 m (Irion, 1994). The
sampling site is located 2 km west of the small village of Dangast (Fig. 1), about 30 m
east of a tidal creek, the “Dangast Tief” and about 15 m north of the shore line. The
top 10 cm of the sediment completely consisted of mud (grain size fraction < 63 pum).
During the tidal cycles, the sediment falls dry for about 5 h and is inundated for about
7 h, with some variation due to the wind velocity and direction (Llobet-Brossa et al.,
1998). At every low tide, freshwater is flowing via a sluice into a small habor situated
at the inlet of the Dangast Tief. Therefore, the environment is similar to an estuarine
system. During monthly sampling, salinity in the pore waters of the mud flat, however,
was found for a year to vary only between 22 and 30, and averaging about 26
(Bottcher, unpublished data).

3. Material and methods

Several parallel sediment cores (PVC tubes; 2.6-5.9 cm wide; 20-40 cm long) were

taken in a mud flat area of about 2 m? on 15th April, 1998, during low tide (12 MET).
In situ pH values were measured with a Ross electrode which was inserted into the
sediment through the holes in a PVC tube of one core in the field (precision:
+ 0.02 pH units). The pore water temperature was measured with a digital sensor
(GTH 1150 digital thermometer) in situ (precision: =+ 0.5°C). The other sediment
cores were closed with air-tight rubber stoppers on both ends and transported cool
and dark to the laboratory until further processing within a few hours.
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Fig. 1. The study area (modified after Siindermann, 1994). Arrow indicates sampling site.

Two parallel sediment cores for FISH were prepared as described by Llobet-Brossa
et al. (1998). Hybridization, DAPI-staining, and microscopy counts of hybridized and
DAPI-stained bacterial cells were performed as described previously (Snaidr et al.,
1997). Oligonucleotide probes for the domain bacteria and specific for sulfate-reduc-
ing bacteria of the J-subclass of Proteobacteria were EUB338 and SRB385,
respectively (Amann et al., 1992). For enumeration of heterotrophic flagellates, cili-
ates, nematodes, and crustaceans, a sediment core (2.6 cm i.d.) was cut in the field into
2mm slices down to 2 cm depth and fixed with glutaraldehyde (f.c. 1.6%). The
following laboratory methods were modified after Epstein (1995) and references
therein. In two parallel subsamples, the organisms were extracted by isopycnic
centrifugation in a Percoll-seawater density gradient. After double staining with the
fluorescent dyes DAPI and FITC (fluorescin-5-isothiocyanate), the organisms were
concentrated on black polycarbonate membran filters (1.2 um pore size) and counted
with an epifluorescence microscope (UV and blue light excitation). Abundances are
given as numbers of organisms per volume wet sediment.
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Pore waters were removed from the sediment by a pore water press (0.45 um pore
size; polyacetate filters) under inert gas in a N,-filled glove bag. Concentrations of
dissolved Fe, Mn and sulfate were measured on diluted acidified (2% HNO;)
solutions by ICP-OES (Perkin-Elmer Optima 3000 XL) using Sc as an internal
standard (precision 20: 5%). Hydrogen sulfide was measured in samples preserved
with 2% ZnCl, solution according to Cline (1969) (precision 2a: 10%). Dissolved
inorganic carbon species (£CO,) and NH; were measured by flow-injection analysis
(Hall and Aller, 1992). Samples for £CO, were preserved with Na, MoO, (precision
20: 5%). Salinity of filtered samples was measured with a refractometer (precision:
+0.3).

Microsensors for oxygen and hydrogen sulfide with tip diameters of 5 pm and a
stirring sensitivity <2% were constructed, calibrated, and applied as previously
described (Revsbech, 1989; Kiihl et al., 1998). Profiles were measured in sediment
cores immediately after sampling on site, and in a flow chamber (Lorenzen et al., 1995)
in the laboratory. Cores were incubated for several hours in the dark or with 430 pmol
photons m~% s~ ! before recording dark or light profiles, respectively. The spatial
resolution of all measurements was 0.1 mm as controlled by a motor-driven microm-
anipulator (Mirtzhduser Wetzlar, Germany). Data acquisition was done automati-
cally with a personal computer and the software package LabView® (National
Instruments, USA). For each incubation, 20 profiles were measured at different sites in
the sediment. Total oxygen uptake of the sediment in the dark was calculated as
oxygen flux through the diffusive boundary layer following Fick’s first law of diffusion
and using the diffusion coefficient for oxygen under the measuring conditions
(1.537x 107 ° cm? s ') from Li and Gregory (1974). Bacterial sulfate reduction rates
were measured using the whole-core incubation technique and the injection of a
35802 tracer (Fossing and Jgrgensen, 1989). Three parallel cores (2.6 cm diameter)
were equilibrated at 10°C and incubated with the radio-tracer for 5 h in the dark.

Amounts of iron (hydr)oxides and extractable manganese were determined on
freeze-dried sediments by extraction for 1 h at room temperature with a dithion-
ite—citrate—acetic acid solution (Canfield, 1989). Fe and Mn concentrations were
measured by flame atomic absorption spectroscopy (Perkin Elmer AAS) (precision 2¢:
4%). Reproducibility from selected doublicate extractions was within 10%. Total
reduced sulfur (TRS; sum of iron monosulfides, pyrite and elemental sulfur) was
determined on freeze-dried samples according to the one-step Cr(I1) digestion method
(Fossing and Jgrgensen, 1989) where H,S was trapped quantitatively as Ag,S in a
1M AgNOj; solution and quantified gravimetrically (precision 2g: 10%). The sedi-
mentary sulfur fractions containing acid volatile sulfide (AVS) plus pyrite, and
elemental sulfur were distilled separately from Zn-acetate fixed samples using a cold
or hot acidic Cr(II) chloride solution, respectively (Allen and Parkes, 1995). Total
sulfur (TS; sum of pyrite, iron monosulfides, S°, elemental and organic sulfur, pore
water sulfate) was measured on selected freeze-dried samples using a LECO (precision
20: 2.3%; Dellwig et al., 1999), and corrected for pore water sulfate contribution
(Table 1). The grain size distribution of a sediment core taken in May 1998 was
analyzed on freeze-dried samples after removal of organic matter by H, O, using a
Laser particle analysis system (Fritsch Analysette 22).
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Table 1
Geochemical composition of sediments

Depth SiO, TiO, Al,O; CaO MgO Na,O K,O Fe Fe* Mn Mn* Zn
(cmbsf) (%) (%) (%) (%) (%) (%) (%) (%) (%) (ppm) (ppm) (ppm)

0-1 n.d. n.d. n.d. nd. nd. nd n.d. nd. 1.66 n.d. 796 n.d.
1-2 590 0.69 1233 7.75 219 233 2.54 411 1.63 843 618 175
2-3 59.5 0.68 11.89 7.51 214 237 2.48 397 158 719 610 164
3-4 635 0.65 1092 6.53 1.86 2.00 2.36 3.55 088 618 339 147
4-5 76.8 0.48 713 382 1.10 1.36 1.79 212 061 340 198 91
5-6  80.7 0.43 621 310 0.88 1.10 1.64 1.75 0.63 271 198 76
6-8 80.0 0.45 6.27 315 0.89 1.04 1.64 1.77 0.74 278 238 80
8-10 80.6 0.45 6.00 297 085 1.05 1.65 1.68 0.64 247 196 74
10-12  n.d. n.d. n.d. nd. nd nd n.d. nd. 059 nd 160 n.d.
12-14 nd. n.d. nd. nd nd nd n.d. nd. 063 nd 161 n.d.
14-16  83.0 0.41 560 258 0.77 0.90 1.56 1.56 047 247 199 70
16-18 n.d. n.d. nd. nd nd nd n.d. nd. 048 n.d. 202 n.d.
18-20 79.3 0.45 6.69 3.09 098 1.03 1.66 191 047 255 301 92
20-22 n.d. n.d. n.d. nd. nd. nd n.d. nd. 033 nd 257 n.d.

*Extractable Fe and Mn in dithionite-citrate-acetic acid solution.
®Corrected for pore water sulfate.

°Total reduced sulfur (TRS).

4Pyrite + Acid volatile sulfide (AVS). ppm: mg/kg. cmbs: cm below surface.

The carbon isotopic composition of TOC was measured on freeze-dried subsamples
at the Department of Geosciences of the University of Bremen. Sediments were
weighed into Ag capsules and the carbonate fraction was removed by reaction with
diluted HCI. The dried sample was combusted in a Carlo Erba EA 1500 elemental
analyzer coupled to a Finnigan Delta E mass spectrometer. The **C/*2C isotope
ratios are given in the usual J-notation versus the V-PDB standard and were
calibrated with an in-house (Wadden Sea) sediment standard. Reproducibility was
+ 0.29,. The CO, signal on mass 44 recorded with the mass spectrometer was also
used to determine the TOC content. Total carbon (TC) was measured on freeze-dried
samples using a LECO SC-444 instrument (precision 2a: 4.0%; Dellwig et al., 1999)
and total inorganic carbon (TIC) on a CM 5012 CO, coulomat with a CM 5130
acidification device (UIC) (precision 2a: 1.1%; Dellwig et al., 1999). Accuracy was
tested by measuring in-house standards. TOC contents were obtained from the
difference of TC and TIC. These TOC results were used to test accuracy of the TOC
data obtained by elemental analysis with the isotope mass spectrometer. For stable
sulfur isotope analysis, pore water sulfate was precipitated from filtered Zn-acetate
preserved samples as BaSO,, carefully washed and dried. Sulfur isotope ratios
(3*S/32S) of the barium sulfate and the silver sulfide samples from the TRS and
AVS + pyrite destillations were measured by C-irmMS at the Institute of Chemistry
and Biology of the Marine Environment (ICBM), Oldenburg. Measurements were
carried out using a Finnigan MAT 252 mass spectrometer coupled to a Carlo Erba
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Pb Zr TC TIC TOC 6'*C TS® TRS §° 3% §*s'  H,0
(ppm)  (ppm) (%) (%) (%) (o) () (%) (ppm) (o) (%) (%)
nd.  nd 481 148 333  —217 031 037 670 —152 —154 75
63 205 454 143 311 —218 034 036 nd. — 146 nd. 70
62 206 412 129 283  —220 033 032 nd —153 nd. 69
55 233 nd. nd. 220 —219 nd. 026 280 —161 —159 62
34 25%9 250 076 174 —222 028 020 nd — 159 nd. 55
30 253 nd. nd 153 =221 nd. 026 nd nd.  nd 48
31 270 nd.  nd 108  —226 nd. 022 nd —155 nd. 39
30 318 nd. nd LI —225 nd. 029 180 —162 —167 36
nd. nd 165 056 109  —225 027 028 nd — 164 nd. 36
nd. nd nd nd 105 =227 nd. 030 190 —161 —166 28
29 248 nd.  nd. 101 —229 nd. 034 380 —171 —166 27
nd.  nd 165 057 108  —229 051 042 nd —170 nd. 30
34 262 nd. nd 190  —232 nd. 083 650 —182 nd. 38
nd.  nd 261 09 165 —232 088 077 nd —211 nd. 35

EA1108 elemental analyzer via a Finnigan Conflo II split interface as described by
Bottcher et al. (1998a). Isotope ratios are given in the d-notation versus the Vienna-
Canyon Diablo Troilite (V-CDT) standard. Reproducibility was better than =+ 0.29,.
International standards IAEA-S-1 and TAEA-S-2 were used to calibrate the mass
spectrometer. §°*S values of — 322, + 20.6, + 16.3, and + 17.3 were obtained for
the international standards IAEA-S-3 (Ag,S), NBS-127 (BaSO,), and IAEA-S-4 (S°),
and NBS-123 (ZnS), respectively (Bottcher et al., 1997).

Concentrations of major, minor and several trace elements were measured on fused
borate glass beads of selected freeze-dried samples by X-ray fluorescence spectroscopy
using a Philips PW 2400 XRF spectrometer at the ICBM. Analytical precision and
accuracy of XRF measurements was tested by replicate analysis of international and
in-house standards. Precisions (SD (20)) were 0.8% (Si, Ti, Al, Fe), 1.2% (Ca), 8.4%
(Pb), 2.5% (Zn), and 1.4% (Zr) (Dellwig et al., 1999). Selected bulk sediment samples
were analyzed for the mineralogical phase composition by FTIR spectroscopy (Mat-
tson 3000 type FTIR spectrophotometer) and powder X-ray diffraction (Siemens
X-ray diffractometer; Ni-filtered Cu k, radiation) according to Flehmig and Kurze
(1973).

4. Results and discussion

4.1. Sediments

During sampling at low tide, the pore water temperature ranged between 10°C at
the sediment surface and 7°C below about 6 cm depth, and the pore water salinity was



1756 M.E. Bottcher et al. | Continental Shelf Research 20 (2000) 1749-1769

Table 2
Mineralogical composition of selected sediment sections®

Depth (cm) Water (%)  Quartz Phyllosilicates ~ Feldspars Carbonates ~ LOI (%)
(%) (%) (%) (%)

0-1 75 28 39 5 11 17

2-3 69 26 39 5 10 15

3-4 62 31 40 3 10 9

4-5 55 52 25 5 6 8

10-12 33 52 19 4 5 6
20-22 35 47 31 5 8 n.d.

*Water contents are given with respect to the original mass of wet sediment, all other data are given on
a dry weight base.
Pyrite contents where generally about 1%. The phyllosilicate fraction consists of illite, smectite, kaolinite
and chlorite.
The feldspar fraction consists of microcline and albite. The carbonate fraction consists of calcite with
about 1% dolomite.
n.d.: not determined. LOI: loss on ignition.

constant at 26 in the top 20 cm. The sediments displayed two distinct color changes:
The oxic surface layer was brown. Within the top 1-2 cm the color turned to dark
olive green color while at about 9-11 cm depth, the increased accumulation of iron
monosulfides was indicated by a diffuse blackening of the sediment which remained
black to the bottom of the investigated sediment section. This vertical zonation was
also found in biological and geochemical parameters (see below). The sediment was
characterized by bioturbation throughout the whole cores, and living polychaetes
were found down to about 16 cm below sea floor (cmbsf).

Analysis of the grain size distribution of surface sediments from an adjacent mud
flat was carried out on sediments sampled in May 1998 and showed that the top 10 cm
entirely consisted of mud (grain sizes <63 um). Of this mud 26% account for the clay
size fraction (<2 um). According to phase analysis carrried out on bulk sediments and
texture preparates using FTIR spectroscopy and powder X-ray diffraction, the clay
mineral fraction consists of illite, kaolinite, chlorite, and smectite. This is in agreement
with findings from measurements on the grain size fraction < 2 um by Engelhardt
and Brockamp (1995). These authors found a narrow variation of clay mineral
composition in tidal sediments from the North Sea, the Jade Bay and suspended
matter in the East-Frisian Wadden Sea, with an approximate composition of 55%
illite, 20% smectite, 15% kaolinite and 10% chlorite. Besides the clay mineral
components, different amounts of quartz, carbonates (essentially calcite), feldspars
and minor authigenic pyrite were found in the sediments in the present study
(Table 2). The phase analytical results are in agreement with the main and minor
element composition of bulk sediments (Table 1). The significant downcore decrease
in water content of the sediments (Table 1; Fig. 2) is mainly due to changes in
the relative proportions of mineral phases, and minor to a collapse of the “card
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Fig. 2. Downcore variation of selected geochemical parameters. Zr, Pb and Mn data were normalized to Al
Dashed lines indicate average shale.

house”-structure of the clay minerals in the deeper part of the investigated mud
flat.

Clay minerals are capable of adsorbing large amounts of organic matter (e.g., Keil
et al., 1994; Mayer, 1994), leading to a positive correlation between mineral surface
arcas/mud contents of sediments and organic matter contents as found in various
marine sediments, including those from intertidal settings (e.g., DeFlaun and Mayer,
1983; Delafontaine et al., 1996; Bottcher et al., 1998b). A positive correlation was also
observed in the present study between phyllosilicates, as determined by phase analysis
(Table 2), and the TOC contents (Fig. 3). Relationships between TOC and pore water
contents were observed earlier for tidal sediments from the German Wadden Sea
(Delafontaine et al., 1996; Bottcher et al., 1998b). These findings are supported by the
results of the present study (Fig. 3). The slightly higher variability observed in the
higher water content of the mud flat is due to sedimentological changes of the deeper
sediment in the investigated mud flat, as noted above.
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Fig. 3. Scatter plots of TOC versus water and phyllosilicate mineral contents, and bacterial cell numbers
versus phyllosilicate contents.

Besides organic matter, trace metals also enter the coastal sediments primarily
sorbed to the surface of clay minerals. Depending on the sensitivity of the respective
trace metals to changes in the physico-chemical environment (pH, pE) the trace
element signature may be altered by diagenetic processes. In order to take the
downcore variation in clay mineral contents into consideration, the measured total
sedimentary metal contents were, therefore, normalized to the Al contents (Wedepohl,
1971). A normalization of the metal contents to Ti (not shown) gave downcore
patterns similar to those of the Me/Al ratios (Fig. 2), indicating that a significant
influence of heavy minerals can be ruled out. The entire investigated sediment section
was significantly enriched in Pb when compared to the geogenic background level
(Pb/Al ~ 2.5 x 10~ %) indicating anthropogenic contamination. The downcore vari-
ation of the Zn/Al ratios (not shown) resembled those of Pb/Al ratios. The small
variability in Pb/Al (Fig. 2) indicates an intense mixing of the sediments, either by
bioturbation or by resuspension. Similar results were reported by Irion (1994) for the
clay mineral fraction in mud flats of the Jade Bay.

When compared to average shale (Mn/Al = 96 x 10~ %), the surface sediments are
enriched in manganese, but are depleted in this element below about 3 cm (Fig. 2).
This indicates that Mn(II) was mobilezed after reduction of Mn(IV)oxyhydroxides.
Mn(I1) diffusing to the sediment surface was re-oxidized and the Mn(I'V)oxyhydrox-
ides were re-precipitated (Burdige, 1993). Most of the solid-phase manganese near the
surface and almost all of it in the deeper sediment is extractable with Na-dithionite
(Fig. 4). Besides residual oxides, not easily available for chemical and microbial
reduction, authigenic Mn(II)-bearing carbonates can be expected to form in the zone
of increased alkalinity (Bottcher, 1998). Similar to manganese, iron showed an enrich-
ment of Fe(Ill) oxihydroxides near the sediment surface and the (extractable) iron
fraction available for chemical and microbial reduction decreased downcore (Table 1).
In the deeper part of the sediments (below about 9 cm) iron monosulfides may also
have contributed to the extractable iron fraction.

Zirconium is present in the heavy mineral fraction and, therefore, the Zr/Al ratios
correspond directly to the quartz contents (Fig. 2), indicating changes in the hy-
drodynamic conditions during the deposition of the investigated sediment section. It
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Fig. 4. Downcore variation of selected geochemical parameters based on volume wet sediment, degree of
pyritization (DOP) and stable isotopic composition of metal sulfides.

should be noted that the downcore variations of the element contents (Table 1) change
significantly when related to the volume of fresh sediment (Fig. 4). This is caused by
the strong effect of “de-watering” with increasing sediment depth on the normaliz-
ation to unit volume. Since the elements under consideration are mainly related to
mineral surfaces the downcore variation on a dry-weight basis is considered to be
most relevant for the present discussion.

The stable carbon isotope ratio of TOC at the sediment surface was — 21.79,
(Fig. 2), similar to previous results from tidal flats of the East Frisian Wadden Sea
(Salomons and Mook, 1981; Bottcher et al., 1997, 1998b). A steady downcore decrease
in 3'3C values was found to — 23.2%, at 21 cm depth (Fig. 2). This depth-dependent
isotope variation can be explained by the preferential microbial degradation of labile
(marine) organic matter relative to a more resistent (terrestrial) organic matter
fraction in these muddy sediments (Bottcher et al., 1997). For terrestrial particulate
organic matter, supplied by rivers to the North Sea or derived from the erosion of
Holocene peat in the coastal area of Lower Saxony a 6'3C value of about — 279, can
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Fig. 5. Scatter plot of TOC versus TRS contents. Dashed lines mark the boundaries proposed for normal
marine sediments (Berner, 1984).

be expected (Salomons and Mook, 1981; Bottcher and Scholz-Bottcher, unpublished
data). Different sources of marine organic matter in the German Wadden Sea show
highly variable §'3C values between about — 10- —20%, (Bottcher et al., 1997,
1998b) but are generally enriched in !3C compared to the terrestrial fraction. Anthro-
pogenic sources, like beach tar, are isotopically similar to the terrestrial fraction
(Bottcher et al., 1998b). Application of a binary mixing model between TOC derived
from marine (6'*C = — 19%,) and terrestrial (6'*C = —279%,) sources yields a contri-
bution of 66% marine organic carbon to the surface sediments. The marine fraction
then decreases to 48% at 21 cm depth.

For a number of different sediments, the biogeochemical reactions related to
specific depositional environments are reflected by the relationship between total
organic carbon and pyritic sulfur (e.g., Berner, 1984). For “normal” marine sediments
deposited under an oxic water column, a TOC/TRS ratio of 2.8 + 0.8 was observed.
From Fig. 5 it can be seen that only below a burial depth of about 10 cm a composi-
tion assumed to represent “normal” marine sediments was approached. Above this
burial depth there is an excess of TOC. Schimmelmann and Kastner (1993) found that
it required approximately 500 years of primarily bacterially mediated diagenesis for
varved sediments in the Santa Barbara basin to approach the TOC/TRS ratio of
normal marine sediments. This indicates that coastal marine sediments, although
influenced by complex processes near the sediment-water interface, may finally reach
the geochemical signatures of “normal” marine environments. Critical factors are the
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Fig. 6. Dissolved oxygen concentrations during dark (closed symols) and light (open symbols) incubation
in the laboratory. Temperature and salinity were adjusted to be close to in situ conditions (11°C;
salinity: 31).

amount and quality of buried organic matter and iron compounds in their relation-
ship to microbial and benthic activity, and the hydrodynamic conditions. The gener-
ally low degree of pyritization is in agreement with a relatively high amount of
non-marine organic matter. The sulfur fraction in the sediment mainly consists of
pyritic sulfur, with minor acid volatile sulfides, and elemental sulfur (Table 1, Fig. 4).
Sulfur in organic matter was additionally present as a minor component (Bottcher,
unpublished results). The lower concentrations of TRS at the sediment surface are
probably due to bacterial or chemical re-oxidation processes.

4.2. Pore waters

The pore water composition sensitively mirrors the biogeochemical processes in the
sediment. According to the typical zonation (e.g., Burdige, 1993), organic matter
oxidation should be related to the consumption of oxygen followed by depletation
of nitrate, the build-up of Mn(Il) and Fe(II) due to reduction of Mn(IV) and
Fe(IlT)oxyhydroxides, and later to the depletion in sulfate. In accordance with this
classical scheme, oxygen was only found within a very thin layer at the sediment
surface (Fig. 6). Light intensities during sampling ranged from 390-540 pmol photons
m~ 2 s~ ! with occasional peaks up to 1300 pmol photons m ™2 s~ !, which is similar to
the intensity applied in the laboratory (430 pmol photons m ™2 s~ ). Oxygen profiles
measured in the field and under light incubation in the laboratory showed an oxygen
peak at 0.2-0.4 mm depth due to photosynthetic oxygen production by benthic
diatoms and cyanobacteria. Maximum values were in the range of 899-1402 uM,
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Fig. 7. Downcore variation of pore water parameters and bacterial cell numbers.

corresponding to a 3-5-fold oxygen oversaturation. The maximum oxygen penetra-
tion depth in the light was 4.4-4.9 mm. Under field conditions a slightly lower oxygen
penetration depth of 3 mm was observed (not shown). When incubated in the dark,
oxygen disappeared within 1.1-1.3 mm depth (Fig. 6). Total oxygen uptake in the dark
was calculated from 20 profiles and ranged from 29.9-52.7 mmolm~2d "' with a
mean of 39.1 mmolm~2d~!. This is higher than the oxygen flux reported for
estuarine Weser sediments at similar temperatures (Sageman et al., 1996).

No hydrogen sulfide was detected in the sediment cores under any condition within
the top 20 mm, the maximum depth reached by our microsensor measurements.
Sub-oxic, non-sulfidic conditions were indicated by the presence of dissolved Fe(II)
and Mn(II) between about 5 mm and at least 15 cm depth (Fig. 7). In-situ pH values
remained more or less constant with values between 7.5 and 7.8 (Fig. 7), but the
build-up of significant amounts of DIC and NH; reflects the oxidation of organic
matter. The highest concentrations of DIC were found below about 10 cm depth
where net sulfate reduction took place as indicated by the decrease in pore water
sulfate concentration (Fig. 7). The microbial sulfate reduction rates (SRR) varied
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Fig. 8. Depth-intergrated sulfate reduction rates compared to seasonal variations found by previous studies
in temperate muddy sediments. Data of Westrich and Berner (1988) are given in mmol/L/yr.

between 14 and 225 nmol cm ™ ®d ™! and showed two maxima in the sub-oxic zone,
the first at around 2 cmbsf and the second at around 12 cmbsf (Fig. 7). The depth-
integrated sulfate reduction rate (0-15 cm) was 11 + 2 mmol m~ % d ', which is well
within the range observed in fine-grained tidal and sub-tidal sediments of the North
Sea (Kristensen et al., 1998; Jgrgensen, 1989). A good agreement was also found
between the Dangast site and previous investigations on seasonal changes of SRR in
temperate muddy sediments (Kristensen et al., 1998; Westrich and Berner, 1988
(Fig. 8)), indicating that, besides the amount and qualitity of organic matter, temper-
ature is important for the activity of sulfate reducing bacteria (SRB) and the related
biogeochemical processes.

It is somewhat surprising, that the maximum of sulfate-reduction was found within
the sub-oxic zone, with high concentrations of dissolved Fe(II) and Mn(II) and no
accumulation of free hydrogen sulfide (Fig. 7). Hydrogen sulfide concentration ex-
ceeded 5 uM only below about 17 cm depth. Similar results were reported by Moes-
lund et al. (1994) and Thamdrup et al. (1994) and are likely related to sulfate reduction
taking place in anoxic microniches within the sub-oxic sediments. Hydrogen sulfide
produced during bacterial dissimilatory sulfate reduction can react with iron com-
pounds to form iron sulfides or may be re-oxidized by the reaction with Fe(Ill) or
Mn(IV) compounds to sulfur species of intermediate oxidation state or sulfate (Tham-
drup et al., 1994; Burdige, 1993). Therefore, the concentrations of dissolved Fe(II) and
Mn(II) observed in the pore-waters are not necessarily the result of microbial reduc-
tion of the respective oxyhydroxides but may also result from the re-oxidation of
hydrogen sulfide produced during dissimilatory sulfate reduction.



1764 M.E. Bottcher et al. | Continental Shelf Research 20 (2000) 1749-1769

[ field OPD

Ciliates

——

3 —dk— Flagellates
—_—
+

Depth (cmbsf)
N
T

Nematodes

Crustaceans

4 11 IIIlIII 1 1 IlIIIII 1 Illlllll 11 Illllll L1
1E+0 1E+1 1E+2 1E+3 1E+4 1E+5
Number per cm3

Fig. 9. Vertical abundance of crustaceans, nematodes, heterotrophic flagellates, and ciliates. Data are the
average of two subsamples from one core. Dashed line indicates oxygen penetration depth.

The coincidence of the first maximum (2 cm) of Fe(II) and Mn(II) concentrations,
sulfate reduction rate and abundance of sulfate reducing bacteria (see below) strongly
supports this possibility.

4.3. Microbial community structure

The downcore variation of total (DAPI-stained) bacterial cells and hybridized
Gram-negative SRB as detected by FISH was similar to that of the sulfate-reducing
activity (Fig. 7) with a maximum at 2 cm depth. Up to 80% of the total, DAPI-stained
cells hybridized with probe EUB338, and up to 7% of the detected cells showed
positive signals with a probe designed for sulfate reducers (SRB385). The number of
SRB counted within the first 5cm of the sediment varied between 0.7 x 10® and
4.2 x 10® cells per cm ™2 wet sediment and showed a maximum at about 2 cmbsf
(Fig. 7). When combined with the measurements of the bulk sulfate reduction rates,
the cellular sulfate reduction rates can be estimated to range between 0.06 and
0.55 fmol SO3 ™~ cell™! day ™' with the lowest value at 0.25 cmbsf but more or less
constant numbers further down to 5 cm. This is within the lower range observed in
pure culture experiments (e.g., Kaplan and Rittenberg, 1964) but higher than recent
estimates based on »RNA-slot blot hybridization (Sahm et al., 1999). It should be
noted, however, that the oligonucleotide probe SRB385 does not detect all Gram-
negative sulfate-reducing bacteria. A currently on-going survey with a set of probes
for defined genera of sulfate reducing bacteria indicates that the numbers of SRBs
might have been underestimated by a factor of about 2 (M. Mussmann, personal
communication 1999), but that does not change the conclusions given above.

It is also worth to note, that a positive relationship seems to exist between the
abundance of bacteria (recalculated to mass of dry sediment) and the amount of
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phyllosilicates (Fig. 2). In agreement with earlier findings in intertidal sediments
(DeFlaun and Mayer, 1983), this relationship indicates that solid interfaces may play
a role in determining the abundance of bacteria in the sediments, probably via the
availability of organic compounds and their fermentation products, and of iron and
manganese compounds (e.g., Banfield and Nealson, 1997).

The depth-dependent variation of the abundances of ciliates, crustaceans, and
heterotrophic flagellates all followed the same pattern, with the highest numbers of
organisms occurring at the sediment-water interface and decreasing significantly
below 4 mm depth (Fig. 9). This boundary directly coincides with the oxygen
penetration depth observed in the laboratory and in the field. It indicates that
the presence of dissolved oxygen is a critical parameter for the relation between
abundances and sediment depth. It should be noted that this general behavior was
found for three different size classes of ciliates ( > 100 um, 30-100 pm and < 30 pm in
length; Beardsley, 1999). The influence of dissolved oxygen on the depth distribution
of ciliates in intertidal North Sea sediments has been shown previously in laboratory
experiments (Berninger and Epstein, 1995). In contrast, the numbers of
nematodes showed a maximum at 6 mm depth, suggesting that they can survive
periods without oxygen (Ott et al., 1991). This allows them to exploit resources, such
as sediment-attached bacteria, over a broader scale than the other investigated
organisms.

4.4. Sulfur isotope fractionation

The microbial dissimilatory sulfate reduction leads to a discrimination of **S and
328 between the sum of (minor) AVS and pyrite sulfur, and dissolved porewater sulfate
(Figs. 3 and 7). It has been found experimentally that the isotopic composition of
metal sulfides should nearly reflect the isotope ratios of the reduced sulfur species
produced by bacterial processes (Bottcher et al., 1998c). The application of a Rayleigh
equation to the pore water sulfate concentrations and sulfur isotope ratios, assuming
that the supply rate of dissolved sulfate from the sediment-water interface was much
slower than the bacterial sulfate reduction rate (“closed system”, Hartman and
Nielsen, 1969) yields an isotope fractionation due to microbial sulfate reduction of
—26%, (n = 5; r* = 0.88). On the other hand, the observed sulfur isotope fractiona-
tion between sulfate and coexisting sulfides ranged between —36 and — 549,
Although, most of these data are within the range found in experiments with pure
cultures of sulfate-reducing bacteria (¢ up to — 469,,; Kaplan and Rittenberg, 1964),
isotope discrimination in the deeper part of the sediment section is significantly
higher. This is also shown, when the combined field data on the specific sulfate
reduction rates and the degree of isotope fractionation based on the sulfate-TRS pair
are compared to the relationship found experimentally at near optimum temperatures
for members of genus Desulfovibrio (Kaplan and Rittenberg, 1964). This indicates that
besides microbial sulfate reduction, reactions in the oxidative part of the sulfur cycle
including the bacterial disproportionation of sulfur species with intermediate oxida-
tion states (e.g., S°, S,03; Canfield and Thamdrup, 1994; Cypionka et al., 1998)
contribute to the overall fractionation between pore water sulfate and reduced sulfur
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species. The complexity of the reactions contributing to the overall isotope partition-
ing is also obvious from the downcore decrease of the isotopic composition of the TRS
(essentially pyrite) fraction of the sediment section (Fig. 5) which is the opposite of the
expected trend based on the pore water sulfate data (Fig. 7). Probably, enhanced
re-oxidation of pyrite near the sediment-water interface led to the slight enrichment in
343 as it has been found in experimental studies (Nakai and Jensen, 1964).

5. Conclusions

By the combination of biogeochemical, stable isotope, phase-analytical, and mo-
lecular-ecological methods it was possible to obtain new quantitative information on
the relationships between bacterial cell distribution, clay mineral abundance, quality
and availability of organic matter, and the zonation of primary and secondary
biogeochemical reactions coupled to the microbial oxidation of organic matter in an
intertidal mudflat. The abundances of heterotrophic flagellates, cilitaes, and crusta-
ceans appeared to be partially controlled by the oxygen penetration depth which
reached down to a maximum depth of 4.6 mm (light). Activity and abundance of
sulfate reducing bacteria were highest in the sub-oxic zone near the sediment surface
(about 2 cmbsf) and decreased further donwcore. Coexising high concentrations of
dissolved Fe(II) and Mn(Il) indicate that part of the H,S produced during dissimila-
tory sulfate reduction was reoxidized by the chemical reduction of Fe(III) and
Mn(IV)(oyxhydr)oxides. The calculated cell-specific sulfate reduction rates are at the
lower end of results observed in experiments with pure cultures. Cellular rates have
been found to determine the magnitude of stable sulfur isotope fractionation in pure
cultures of sulfate-reducing bacteria. The comparison of the quantitative field results
with experimental studies indicates that the sedimentary sulfur isotopic signal was not
only determined by sulfate reduction alone, but additionally influenced by reactions in
the oxidative part of the sulfur cycle, including bacterial disproportionation of sulfur
intermediates.
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