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ABSTRACT: During a transition period from oxic to anoxic conditions in the bottom water, rates of sul- 
fate reduction and methane production, methane fluxes, as well as concentration profiles of sulfate, sul- 
fide and methane were measured in sediments at a central site of the Gotland Deep (Stn AL 93. 241 m 
depth), which is regarded as representative for the deepest part of this basin. During this period from 
1993 to 1996 oxic conditions in the bottom water prevailed from spring 1994 until summer 1995 with 
oxygen concentrations decreasing progressively with time. In the sediments methane production 
occurred primarily in layers below 1 m depth and flux rates of methane to the sediment surface were 
characterized by a steep concentrat~on gradient from approx. 5 mM at 4 m depth to values close to 
30 pM at the surface, determined by diffusion processes and anaerob~c oxidation of methane. Both 
processes were independent of changes at the sediment surface Differences in the flux rates of 
methane between the deeper part with a mean value of 259 pm01 m-' d-' and the upper layers with a 
mean of 47.7 pm01 m-2 d-' indicate that a considerable proportion of the methane is oxidized within the 
anoxic horizon of the sediment (71 to 86% in the layer from 40 to 70 cm). Low rates of methane pro- 
duction found within the top 20 cm of the sediment during periods of oxic bottom water increased after 
depletion of oxygen and resulted in a clear maximum of the methane concentration in the top 2 cm. Sul- 
fate concentrations declined exponentially from values of 11.5 mM in June 1994 and 8.5 mM in Octo- 
ber 1995 at the sediment surface to values of 2.5 mM at 20 cm depth and of less than 0.5 mM at 50 to 
60 cm depth. High sulfate reduction rates (150 to 250 nmol cm-3 d-') in the upper part of the sediment 
(8 to 13 cm) coincided with maxima of sulfide concentrations. During the time period of this investiga- 
tion an increase of maximum sulfide concentrations in the sediment from 1 to 10 mM was measured 
together with decreasing oxygen concentrations in the deep water. At the same time sulfate reduction 
established a small but distinct maximum at the top layer of the sediment (0 to 2 cm). The relative 
~mportance of sulfate reduction and methanogenesis in the carbon budget of the Gotland Deep sedi- 
ments is calculated on the basis of the actual measurements. 
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INTRODUCTION 

The Gotland Deep is one of the major deep basins of 
the Baltic Sea. It is located within the Eastern Gotland 
Basin between the island of Gotland (Sweden) and 
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Latvia, and has a maximum water depth of 241 m. A 
permanent thermo-/halodine at  60 to 80 m water depth 
largely inhibits water exchange between surface water 
(7 to 8%0 salinity) and deep water (11 to 13%a). Long 
anoxic stagnation periods of the deep water were only 
interrupted by irregular, lateral intrusions of water 
masses from the North Sea with higher salinity and 
moderate oxygen content. The investigation period of 
this study (1993 to 1996) was preceded by an unusually 
long anoxic period from 1979 to 1993 and a massive 
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salt water intrusion into the Baltic Sea starting in Janu- 
ary 1993. During this anoxic time period stable gradi- 
ents of sulfide and methane from the sediment to the 
chemocline at 120 to 130 m water depth were estab- 
lished in the water column. Maximum concentrations 
near the sediment surface were more than 150 pM 
sulfide and 800 nM methane (Brettar & Rheinheimer 
1991, Schmaljohann unpubl. results). 

In the natural environment methanogenesis and 
sulfate reduction are competing processes in the anaer- 
obic decomposition of organic matter. Competition is 
governed by the redox potential, the availability of elec- 
tron acceptors and the affinity for common substrates 
such as acetate and hydrogen. Though methanogenesis 
is a dominant process in fresh water sediments, in the 
marine environment methanogenic bacteria are quite 
effectively outcompeted by sulfate reducers which are 
nearly unlimited by the availability of their common 
electron acceptor and have a greater affinity to hydrogen 
and acetate (Ward & Winfrey 1985). 

There is considerable information on the relevance of 
sulfate reduction and methanogenesis in marine and 
freshwater sediments (see reviews by Ward & Winfrey 
1985, Skyring 1987, Widdel1988). Comparatively less is 
known about brackish water habitats, which exhibit 
intermediate salinities and sulfate concentrations com- 
pared to the 2 former types of ecosystems. Investigations 
have been largely restricted to shallow coastal areas and 
inlets (Iversen & Blackburn 1981, Whiticar 1982, Heyer 
et al. 1990, J ~ r g e n s e n  et al. 1990, Schmaljohann 1996). 
First studies concerning rates of methanogenesls and 
sulfate reduction in sediments of deep brackish water 
bodies in the Baltic Sea were published by Lein et al. 
(1981) and Lein (1983). 

This first salt water intrusion after 14 yr of permanent 
anoxic conditions in the bottom water of the Gotland 
Basin provided the opportunity to investigate the influ- 
ence of oxic water on anaerobic processes (i.e. sulfide 
and methane production) in a generally anoxic sedi- 
ment and the re-establishment of anoxic, sulfidic con- 
ditions. We quantified these processes in a sediment of 
the Gotland Deep, calculated their proportions in the 
anaerobic decomposition of organic matter, and deter- 
mined changes on the sediment biogeochemistry dur- 
ing the transition period. from oxic to anoxic conditions 
in the bottom water. 

MATERIALS AND METHODS 

Sampling. Samples were taken and measurements 
done during 7 expeditions to the Gotland Deep with 
the RV 'Alkor' (April 1993. June and August 1994. May 
and October 1995, May and October 1996) at Stn AL 93 
(57" 18.511N, 20°06.88'E) located in the deepest part 

of the Gotland Deep (241 m water depth). Sediment 
cores of up to 1 m length were obtained using a small 
gravity corer (Rumohr-Lot) fitted with liners (7.4 cm 
inner diameter). Two undisturbed cores were used for 
electrode measurements and for concentration and 
rate measurements, respectively, in order to obtain suf- 
ficient sediment for the measurements and to minimize 
disturbance due to subsampling. A third core was 
taken to determine grain size, water content and 
organic matter. Data on concentrations and rates dur- 
ing June 1994, May 1995, October 1995 and October 
1996 were determined in identical cores. 

Chemical analysis. Immediately after sampling pH 
and redox potential were measured simultaneously in 
the sediment cores using Pt electrodes with a small 
diameter (Mettler-Toledo, Steinbach) and a pH/mV 
meter (WTW, Weilheim). Feeding of electrodes into the 
sediment was performed at steps of 0.5 or 1.0 cm. 
Readings of redox and pH values were constant after 
3 and 1 min, respectively. 

Grain size distribution was obtained by dry sieving 
using a standard series of sieves (2000, 1000, 500, 250, 
125, 63 pm). Water content was measured by weight 
loss after drying at 75°C for 24 h (Holrne & McIntyre 
1984) and organic matter was determined by weight 
loss of the dried sample after 6 h in a 550°C furnace 
(loss on ignition). 

Pore water from sediments was recovered by cen- 
trifuging sediment slices for 10 mi.n at 3500 X gand  4°C. 
In order to minimize loss of hydrogen sulfide the sedi- 
ment was transferred rapidly to centrifuge tubes which 
were completely filled and sealed by gas-tight viton 
stoppers. 

For determination of hydrogen sulfide an aliquot of 
pore water was fixed in 5 % zinc acetate (w/v) immedi- 
ately after centrifugation and determined according to 
CKne (1969). 

Sulfate concentrations were measured using single 
column ion chromatography (modified after Gjerde 
et al. 1980) under isocratic conditions (eluent: 3 mlM 
phtalic acid, pH 4.9; flow rate: 2 cm3 rnin-'; HPLC pump- 
ing system 420, Kontron, Milano). Anions were sepa- 
rated at 40°C on a silica-based column (Anion\S, 250 X 

4.6 mm, Wescan, Deerfield). Pore water samples had to 
be diluted 1:20 in suprapure water (MilK-Q-UF-water 
system, Millipore) before injection (injection volume: 
100 1.11) to clearly resolve peaks of chloride and sulfate. 
Conductivity was used for detection and integration of 
the chromatograms was performed by PC-integration 
software (Kontron, Milano). Calibration curves showed 
linear correlation between r2 = 0.96 and r2 = 0.98. 

Methane concentrations in sediment samples were 
measured using a headspace technique salting out of 
the gas. Subcores (5 cm3) of each depth were taken 
with cut-off syringes. The syringe contents were injec- 
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ted into 24 cm3 screw-cap vials containing 5 c m b f  dis- 
tilled water and 3.0 g of sodium chloride. The vials 
were closed air-tight with screw caps containing butyl 
rubber septa. Following intensive shaking and at least 
2 h of equilibration, samples of the headspace gas were 
injected into the sample loop of a gas chromatograph 
fitted with a flame ionization detector. Gases were sep- 
arated on a 2 m X 2 mm Hayesep T column with nitro- 
gen at a flow rate of 20 cm3 min-l as carrier gas and an 
oven temperature of 100°C. Methane concentrations 
were corrected for water content of the sediment to 
give concentrations in the pore water. 

Rates of dissimilatory sulfate reduction. Rates of 
dissimilatory sulfate reduction (DSR) were determined 
by incubating 5 cm long duplicate subcores with 
185 kBq vertically injected 35S sulfate (carrier-free, 
New England Nuclear). Three injections were done in 
a triangular arrangement into each subcore using a 
micromanipulator and a Hamilton syringe providing 
good horizontal and uniform vertical distribution of the 
tracer. After incubation for 6 to 8 h at in situ tempera- 
ture (5°C) sediment segments of 1 to 2.5 cm were 
removed to centrifuge tubes containing 2 to 5 cm3 20 U/o 
Zn acetate (w/v). The total reduced inorganic sulfur 
formed was distilled following the l-step chromium 
and acid reduction procedure of Fossing & Jsrgensen 
(1989). Radioactivity of trapped hydrogen sulfide was 
measured in a liquid scintillation counter (1900 CA Tri- 
carb, Packard). Sulfate reduction rates were calculated 
according to Jsrgensen (1978). 

Rates of methane production. Methane production 
rates were measured by determining the net increase 
of methane concentrations in the headspace of sedi- 
ment suspensions. Sediment samples were diluted 1 : l  
with oxygen- and sulfate-free artificial seawater, and 
most of the methane was stripped off with N2 (15 rnin). 
Aliquots of 5 cm3, in triplicate for each sediment depth, 
were filled into 13 cm3 crimp vials and sealed under 
N,. The vials were incubated under in situ temperature 
(5°C) and in darkness for 10 d,  and the increase of 
methane in the headspace was measured by gas chro- 
matography. Corrections were made for methane dis- 
solved in the liquid phase at different partial pressures 
in the gas phase. Controls with an addition of 20 mM 
2-bromoethanesulfonate (BES), a specific inhibitor of 
methanogenesis, were made to discriminate between 
biological activity and desorption of methane from par- 
ticles. Only the part of methane release which could be 
inhibited by this compound was considered for the cal- 
culations. 

Calculation of diffusive methane fluxes and sulfate 
reduction rates. The diffusive flux of methane was cal- 
culated for deep sediment layers between 60 and 
90 cm, and for sulfate-rich subsurface layers between 
22.5 and 1 cm depth. The difference of both flux rates 

was used to estimate the rate of anaerobic methane 
oxidation and the percentage of the upward diffusing 
methane consumed by this process. Flux rates were 
ca!culated from the vertical profile of pore water 
methane concentrations using Fick's first law: 

where JD is the diffusive flux (.pm01 CH, m-2 d-l); @ is 
the porosity of the sediment; DSed is the sediment diffu- 
sion coefficient, calculated from the molar diffusion 
coefficient (D) by the empirical equation Dsed = D@2 
(Lerman 1979) using the 5°C value for D (0.87 X 

10-5 cm-, S-') in Sahores & Witherspoon (1970); and 
dC/dz is the measured methane concentration gradi- 
ent in the considered sediment layer (pm01 dm-3 cm-'). 

Sulfate reduction rates (SRR) were calculated using 
the theoretical model of Berner (1964), which describes 
the concentration changes of sulfate with time in a 
given depth below the sediment surface as a function 
of diffusion processes, sediment accumulation, and 
DSR. In order to derive the depth-dependent rate of 
sulfate reduction a diffusion coefficient for sulfate of 
Ds = 0.46 X I O - ~  cm-, S-' (4OC, I) = 0.90; Iversen & J0r- 
gensen 1985), a sedimentation rate in the Gotland 
Deep of 1 mm yr-' (Niemesto & Voipio 1974), and the 
corresponding exponential function of the sulfate gra- 
dient in the sediment were used. 

RESULTS 

General observations 

While oxygen transported into the deep water of the 
Gotland Basin by the first significant inflow in 1993 
was consumed within a rather short time, further intru- 
sions of oxic water in December 1993 and March 1994 
resulted in a complete removal of sulfide from the 
water and a completely oxic water column during 1994 
and the first half of 1995. Oxygen concentrations in the 
deep water reached values as high as 4.3 mg dm-3 
(Nehring et al. 1995, K. Gocke, Kiel, pers. comrn.). Dur- 
ing 1995 oxygen in the deep water was depleted again, 
and in October 1995 low concentrations of sulfide were 
present in the water layer up to 2 m above the bottom 
(Fig. 1).  A minor inflow in May 1996 again supplied 
low amounts of oxygen to the deep water which were 
consumed rapidly, however, allowing methane and 
sulfide to penetrate into the water column up to 215 m 
depth in October 1996. 

An optical documentation of the sediment surface of 
the Gotland Deep by underwater video during the 
period of oxic bottom water (in June 1994 and May 
1995) revealed white or yellowish bacterial mats on its 
surface. These bacterial mats contained filamentous 
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Fig. 1. Concentrations of 0% (whlte bars) and H2S (black bars) 
during the study period in the bottom water 2 m above the 
sediment surface. Missing bars represent zero concentrations 

except *: H2S not determined 

sulfur-oxidizing bacteria resembling Beggiatoa spe- 
cies. During 1994 and early 1995 numerous individuals 
of H. sarsi (Polychaeta) were also present on the sedi- 
ment surface. The bacterial mats disappeared and 
Harmothoe died off when conditions in the bottom 
water close to the sediment surface became anoxic 
(October 1995). No macrofauna and no tubes indicat- 
ing bioturbation were observed within the sediments. 
The lack of bioturbation resulted in a fine layering of 
the sediment in the deep part of the Gotland basin over 
very long time periods, as could be seen in sediment 
cores down to 4 m depth (data not shown). 

Loss on Ignition [%l 

0 5 I015202530 

0 J 

0 20 40 60 80 100 matter (loss on ignition; 
black bars) of the sediment 

Water Content [%l at Stn AL 93 

90 - 

100 1 I 1 

Characterization of the sediment at Stn AL 93 

Fig. 2.  Water content (white 
bars) and content of organlc 

Sediments consisted of fine silty material without 
sandy components. The material of the top 15 to 20 cm 
was of brownish fluffy consistency followed by mushy 
black fine silt down to 35 cm depth and a dark greyish 
zone between 35 to 60 cm that merged to a black-rib- 
boned sediment further down. The water content of 
more than 90% (w/v) in the first 20 cm decreased to 
75 % from 20 to 30 cm and did not change significantly 
in deeper layers (Fig. 2). The content of organic matter, 
determined as loss on ignition, was between 23 and 
27% within the first 20 cm at all sampling dates, 
decreasing to 12 to 14% in deeper layers (Fig. 2). 

Fig. 3. Redox potential I@) and pH (0) as vertical depth profiles in sediment of Stn AL 93 (from left to right) in June 1994, May 
1995, October 1995, and October 1996 (pH not determined) 
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Redox potential and pH 

A relatively constant negative redox potential in the 
vertical profile was observed in June 1994, with low Eh 
values of -200 mV at the sediment surface decreasing 
to -295 mV at 60 cm depth (Fig. 3). During the follow- 
ing cruises the redox potential in the uppermost 
centimeter increased to 0 and +30 mV in May and 
October 1995, respectively, before it decreased again to 
-120 mV in May 1996. At these sampling dates the re- 
dox potential decreased to values between -200 and 
-250 mV with depth. A high oxidation state of the sedi- 
ment at 10 to 15 cm depth was still recorded in October 
1996, when reducing conditions were already re-estab- 
lished at the sediment surface. The vertical profile of 
the pH showed a minimum in the sediment layer from 6 
to 10 cm, a few centimeters above maxima of SRR and 
sulfide concentrations, and was most pronounced in 
May 1995 but slowly disappeared later (Fig. 3). 

Concentrations of sulfate and sulfide and rates of 
dissimilatory sulfate reduction 

Sulfate concentrations decreased exponentially with 
sediment depth. The steepest decline was always ob- 
served between 10 and 15 cm. At depths of 20 and 60 cm 
concentrations were quite constant, approximately 2.5 
and 0.5 mM respectively, at all sampling dates. During 
the study period sulfate concentrations in the top 2 cm 
decreased from 11.5 to 8.5 mM indicating a net sulfate 
consumption by highly active sulfate reduction in this 
layer. Apparently, sulfate that had penetrated into the 
sediment down to 2 to 4 cm during the period of high 
oxygen concentrations in the bottom water and negli- 
gible sulfate reduction in the top sediment layer was con- 
sumed much more slowly causing a sulfate maximum at 
2 to 4 cm depth in October 1995 and October 1996. 

The sulfide concentration always had maxima at 10 
to 20 cm (Fig. 4) .  In October 1995 and October 1996 an 
additional maximum developed at 0 to 2 cm, which at 
both sampling dates coincided with lower sulfate con- 
centrations beneath the sediment surface (Fig. 4). The 
deeper as well as the near-surface sediment horizons 
with maxima of sulfide concentrations were also char- 
acterized by maxima of sulfate reduction (see Fig. 5). A 
double peak of sulfide concentrations was characteris- 
tic for this sediment and was observed repeatedly 
between 10 and 20 cm (e.g. June 1994 and October 
1995). Maxima of sulfide concentrations increased 
from about 1 mM (June 1994 and May 1995) to approx- 
imately 3 mM (October 1995), to more than 7 mM (May 
1996, data not shown) and 10 mM (October 1996). 

SRR at Stn AL 93 revealed similar distribution pat- 
terns at different sampling dates (Fig. 5) with maximal 
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Fig. 4 .  Concentrations of sulfide, sulfate and methane as sed- 
iment vertical profiles at Stn AL 93 in June 1994 (top left), 
May 1995 (top right), October 1995 (bottom left), and October 
1996 (bottom rlght; please note the different scale of sulfide 

concentration) 
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rates of 150 to 250 nmol cm-3 d-' at a depth of 8 to 
13 cm while SRR in adjacent layers did not exceed 
50 nmol cm-3 d-l. In May and October 1995 the devel- 
opment of a second maximum between 0 and 2.5 cm 
depth was observed, although at that time this sedi- 
ment layer did not show a pronounced negative redox 
potential. Integrated SRR for the upper 20 cm based on 
35S-sulfate measurements were 3.8 (June 1994), 7.6 
(May 1995) and 7.2 (October 1995) mm01 m-' d-l, 
whereas the calculation using Berner's diffusion model 
(Berner 1964) led to corresponding values of 0.9, 1.8 
and 1.7 mm01 m-2 d-' respectively. 
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O b  
-F- -a p 1 existed with concentrations as low as 8 to 

10 pM in the pore water of the top layer (0 to 
- L , -, 

g 5 a ::I- 1 -L 1 ; -  
2 cm; Fig. 6). During anoxic periods (October 

5 1995 and later), with active methane forma- 
- -, 
C r l tion but in the absence of aerobic methane 
a, 
E 

i 
oxidation at the sediment surface, methane 

-2 60 
m 

' concentrations were higher in the 0 to 2 cm 
layer (30 to 34 pM) than at 2 to 4 cm depth. 

80 - 
7- 1 I - ' I l l . -  The fact that methane concentrations 
o 50 100 150 200 250 o 50 100 150 200 250 o 50 100 150 200 250 increased without any evidence of saturation 

nmot d.' nmol cm.' d" nmol cm" d.' to sediment depths of at least 80 to 90 cm is an 
indication that the main methane production 

Fig. 5. Depth distribut~on of sulfate reduction rates (mean of duplicates) Occurred below that depth, As it was not 
at Stn AL 93 in June 1994 (left), May 1995 (middle), and October 1995 
(right). The thickness of the bars is adapted to the sampled sedunent hori- possible with the gear to 
zon (space between bars: not determined). Calculated SRR (sulfate re- obtain sediment samples of depths of more 
duction rates) using Berner's diffusion model are depicted as dotted lines than 1 m, an estimation of the rate of 

methanogenesis was carried out by calcula- 
tion of the methane flux rate in layers be- 

Methane production and methane concentrations tween 62.5 and 92.5 cm. The methane flux rates varied 
between 146 and 396 pm01 m-' d-' with a mean value 

Methane concentrations steadily increased from the of 259 pm01 m-' d-' compared to 42 to 55 pm01 m-' d-' 
surface to a depth of at least 80 cm, where values (mean value: 47.7 pm01 m-' d-') in the near-surface, 
between 0.7 and 1.8 mM were found (Fig. 4). Satura- linear region of the methane profile (Table 1). 
tion concentrations were not reached at that depth and Though the bulk of methane was produced below 
there was no indication of in situ formation of gas bub- the sulfate-containing sediment layers, low rates of 
bles. In one instance it was possible to obtain a sedi- methanogenesis could also be measured close to the 
ment sample from the end of a 4 m long 'Kastenlot' sediment surface in the presence of sulfate. In sedi- 
corer, which had a methane content of 5.1 mM. The ment suspensions incubated under in situ temperature 
increase of methane concentrations was nearly linear and without additional substrates, a net methane pro- 
from the sediment surface to a depth of about 50 cm duction was determined within the upper 20 cm of sed- 
and became exponential below that depth. The transi- iment, while only negligible activity was recorded 
tion between these d.ifferent curve sections of the between 20 and 80 cm depth (Fig. 7). During the period 
methane profile corresponded to sulfate concentra- with oxic bottom water in June 1994, a small maximum 
tions in the sediment of about 1 mM. of activity was found between 10 and 15 cm depth. 

During periods with oxic bottom water (spring This maximum was replaced by strongly increased 
1994 to summer 1995) a continuous gradient with de- activity close to the sediment surface in the sediment 
creasing methane concentrations towards the surface during May and October 1995 (Fig. 7). In October 1995 

and October 1996 small maxima of methane concen- 
trations were also found at 0 to 2 cm depth (Fig. 6). 

0 -  Integrated methane production rates in the upper 
C' . . 20 cm increased from 3.3 pm01 m-2 d-' in June 1994 to 

6 2 -. values of 4.2 pm01 mm2 d-' in August 1994, 8.6 pm01 m-2 
C:, L . r d-l in May 1995, and 27.9 ymol m-2 d-' in May 1996. 

a 4 -- 
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The sediments of the Central Gotland Basin are a 
location of intensive anaerobic degradation of organic 
matter and are subjected to repeated changes from 
oxic to anoxic conditions at the sedlment surface due 
to irregular inflow events. We were the first to have the 

Fig. 6.  methane concentration profiles in the upper 10 cm sed- opportunity to measure the significant changes that 

iment of Stn AL 93 in June 1994 (O), May 1995 (U), October occurred in the sediment during a transition period 
1995 (a), and October 1996 (m) from oxic to anoxic bottom water, the first such event 
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Table 1 Methane flux rates and calculated anaerobic methane oxidation in the sediment of Stn AL 93 in the Gotland Deep 

Date 16 June 1994 27 April 1995 5 October 1995 12 October 1996 

Sediment horizon (cm) 22.5-1 -0 22.5-1.0 22.5-1.0 22.5-1.0 
Porosity (average) 0.973 0.954 0.970 0.983 
Max. methane conc. (PM) 182.0 147.2 197.7 153.4 
Min. methane conc. (PM) 10.0 8.0 34.4 30.0 
Methane flux rate (pm01 m-2 d-') 55.4 42.3 52.1 41.0 

Sediment horizon (cm) 92.5-62 5 92.5-72.5 82.5-72.5 87 5-62.5 
Porosity (average) 0.899 0.913 0.913 0.920 
Max. methane conc. (PM) 1863 1008 1868 2012 
Min. methane conc. (PM) 634.6 498.3 1175.0 857.4 
Methane flux rate (pm01 m-2 d-l) 223.6 145.8 396.4 270.1 
Anaerobic methane oxidation rate (pm01 m-* d-l) 168.2 103.5 344.3 229.1 
Percentage of anaerobic methane oxidation (%) 75.2 71.0 86.9 84.8 

after more than 14 yr. Changes in the sedi- 
ments were demonstrated on the basis of 
(1) elevated sulfide and methane concen- 
trations as indicators of terminal oxidation 
of organic carbon by DSR and methano- 
genesis, and (2) direct measurements of 
SRR and methane production rates. It be- 
came obvious that the hydrographic condi- 

nmol dm-3 d.' nmol dm" 6" nmol dm3 d" 

Fig. 7. Sediment vertical profile of methane production rates at Stn AL 93 in 
June 1994 (left), May 1995 (middle), and October 1995 (right; space be- 

tween bars: not determined) 

tions of the bottom water had considerable 
impact on the biogeochemistry of the sur- 
face layers of the investigated sediments. 

Stn AL 93 is representative of the central 
part of the Gotland Deep, where sedi- 
mentation rates were reported to be of the 
order of 1 mm yr-l (Niemesto & Voipio 
1974). Echosounding profiles through the 
Gotland Deep showed that at Stn AL 93 the 
thickness of the post-Ancylus deposits was consider- 1996 (Schmaljohann et al. 1998). On the basis of these 
ably higher than at shallower stations, which indicates observations and because of the sequential appear- 
a higher sedimentation rate during the past 7000 yr ance of the changes it is quite conclusive that our data 
(Schmaljohann et al. 1998). This corresponds to higher reflect time dependent changes rather than spatial 
amounts of organic matter (loss on ignition), sulfide and heterogeneity. 
methane in the sediment as well as higher SRR and a 
much more pronounced decrease of sulfate concentra- 
tions with sediment depth (data not shown). Re-establishment of anoxic conditions 

During the whole period of these investigations the 
sediment at Stn AL 93 and in its close vicinity appeared The comparatively high redox potential and steep 
quite homogeneous and gave no indication of small- redox gradient in May and October 1995 in the upper 
scale variations in structure and function. The compar- 15 cm of the sediment suggest a transition to suboxic 
ison of different cores during each sampling period conditions in the subsurface sediment due to the pro- 
revealed similar sequence and thickness of the sedi- longed exposure to oxygen-containing bottom water. 
ment layers and parallel measurements of the redox Apparently, oxidation processes in the sediment fol- 
potential and pH in several cores during June 1994 and lowed the establishment of oxic or anoxic conditions 
October 1995 confirmed shape and absolute values of at the sediment surface after a considerable delay. 
the vertical profiles. A detailed analysis of the horizon- This may be concluded from the low redox potential 
tal distribution of sulfide and methane in the deep part in the upper 15 cm in June 1994 when oxic bottom 
of the Gotland Basin around Stn AL 93 revealed a water was already in close contact with the sediment 
simultaneous increase of both concentrations during for more than a year and vice versa from the relatively 
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high redox potential when oxygen In the bottom Deep sediments (Boesen & Postma 1988). Therefore, 
water was consumed already, as in October 1995 and the produced sulfide is supplied to the pool of free sul- 
1996. The transition from oxic to anoxic conditions in fide and causes immediate changes of the concentra- 
the bottom water was accompanied by (1) a drop of tions of free sulfide concentrations. 
the redox potential in the top layer of the sediment, 
(2) an increase of sulfide concentrations in the pore 
water and (3) a temporary increase of integrated SRR. Rates of dissin~ilatory sulfate reduction 
Furthermore, at  the sediment surface a zone of active 
methane production was newly established and led to SRR at Stn AL 93 lie in the range of SRR in shallower 
increased methane concentrations in the top layer of parts of the Baltic and the North Sea (Limfjord: Jsrgen- 
the sediment. sen 1977; Limfjord, Aarhus Bay, Kysingfjord: Thode- 

Andersen & Jsrgensen 1989; southwestern Baltic 
coast: Piker & Reichardt 1997) and exceed SRR in sedi- 

Sulfide ments of the Kattegat and the Belt Sea ( J~rgensen  & 

Revsbech 1989, Jsrgensen & Bak 1991) by an order of 
Sulfide accumulated from maximum concentrations magnitude. Repeatedly observed maxima of SRR in a 

of 1 mM in 1994 to 10 mM in October 1996. Parallel sediment layer between 7 and 13 cm coincided with 
measurements at several stations in the deep central maxima of sulfide concentrations. However, neither 
part of the Gotland Basin demonstrated an  increase of the redox potential nor the sulfate concentration, the 
sulfide concentrations over the time, which was most measured regulating factors of DSR, corresponded to 
evident during 1996 (Schmaljohann et al. 1998). The these distribution patterns. Apparently, the redox po- 
mechanism for the significant increases also in the tential as rate controlling factor involved in the regula- 
deeper layers of the sediment down to 80 cm remains tion of DSR had largely been replaced by other envi- 
unclear. Because of the lack of bioturbation, one ronmental variables. This became most evident when a 
would assume that diffusion processes dominate in second SRR maximum could be detected in the upper 
the investigated system. However, considering theo- sediment layer at  relatively high redox potential. Con- 
retical aspects of diffusion in marine sediments centrations of low-molecular-weight fatty acids (as 
(Duursma & Hoede 1967), the distance of sulfide dif- preferred carbon sources for SRB) in the pore water 
fusion from the main source of sulfide (peak of SRR at also showed no striking coherence with SRR maxima. 
8 to 13 cm sediment depth) is expected to lie in a However, concentrations of dissolved free amino acids 
range between 3 and 5 cm yr-'. Therefore the showed a negative correlation to these distribution 
increase of sulfide concentration in deeper sediment patterns indicating a possible role as precursors of low- 
layers may be explained by increased sulfide produc- molecular-weight fatty acids (Piker 1995). 
tion and decreased consumption, rather than by trans- Integrated SRR (0 to 20 cm sediment depth) were in 
port processes. Indeed, between June 1994 and May the same order of magnitude as SRR at a comparable 
1995 there was an average increase of SRR from 5 to station in the Gotla.nd Basin investigated earl~er 
24 nmol cm-3 d-' in the sediment layer from 20 to (4.85 mm01 m-' d-l; recalculated from pg S kg-' dry 
80 cm, which would be sufficient to explain an weight, sum of integrated rates in sediment depths of 
increase of the sulfide concentration of 7 mM during a 0 to 7 and 25 to 40 cm; Lein et al. 1982). Lein (1983) 
year, if there is no consumption or loss. In view of the inferred from low SRR at a sediment depth of 0 to 7 cm 
low sulfate concentrations, it is unlikely, however, that that the main activity of anaerobic microorganisms 
reduction of sulfate alone was responsible for such an must be in deeper regions of stable anoxic conditions. 
increase. High concentrations of elemental sulfur at  He found maximal SRR at a depth of 25 to 40 cm but 
this station with maximal concentrations up to 7 mM did not analyze the sediment layer at  7 to 13 cm where 
and values of 2 mM down to 60 cm depth during June maxima of SRR were found in this study. Thjs view is In 
1994 and May 1995 (Schneider & Imhoff 1996) would contrast to our findings of elevated SRR in the upper 
provide an alternative source for sulfide, though at 2.5 cm sediment depth in May and October 1995, 
present we have no in.dication for reduction of ele- where rather suboxic conditions were present (0 to 
mental sulfur in these horizons. It remains an open -100 mV). Apparently, sulfate reduction in the top sed- 
question how SRR in the deep layers can be influ- iment layer was inhibited by oxygen only in the first 
enced by processes at the sediment surface. period with high concentrations of oxygen in the bot- 

An important factor regulating the concentrations of tom water. However, with decreasing concentrations 
free sulfide in the pore water of Baltic Sea sediments is of oxygen in the bottom water, sulfate reduction activ- 
the iron concentration, which is the limiting factor for ity in the subsurface layer increased as soon as oxygen 
the precipitation of sulfide as iron sulfide in Gotland content in the water phase was low. This led to the 
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establishment of a second maximum of SRR in the 
uppermost sediment layer in May 1995, a time when 
oxygen was still present in the bottom water. It even 
appears that the oxic period in the top sediment !ayer 
stimulated sulfate reduction rates after oxygen concen- 
trations were reduced. 

In several studies with shelf and open ocean sedi- 
ments the model of Berner (1964) described the decom- 
position of organic matter by DSR quite well (Westrich 
& Berner 1984). An assun~ption of this model is that sul- 
fate-reducing bacteria oxidize organic matter accord- 
ing to first-order kinetics. Furthermore, the application 
of the model requires that the sediment system is in 
steady state, which means that diffusion coefficient, 
rate of sedimentation and depth-dependent rates of 
sulfate reduction are independent of time. It could not 
describe the situation we found in Gotland Deep sedi- 
ments (broken line in Fig. 5).  Applied to these sedi- 
ments, the model underestimates the SRR approx. 4- to 
5-fold compared to the measured values. The observed 
deviation from the model indicates a dynamic rather 
than a steady-state situation in the investigated sedi- 
ment, which could be seen in the development of con- 
centration profiles of sulfate, sulfide and methane. 

Methane 

By comparing the methane flux rates in the near-sur- 
face region and in the zone of steep increase in the sul- 
fate-free layers (Table 1) a remarkable difference can 
be noticed between Stn AL 93 and offshore marine 
sediments with oxic conditions in the overlying water 
column (e.g.  Kattegat and Skagerrak: Iversen & J0r- 
gensen 1985; or the Santa Barbara Basin: Kosiur & 

Warford 1979). In the Gotland Deep sediment there is 
a widely linear increase in methane from the surface to 
a depth of about 50 cm, gradually changing into an  
exponential increase below that depth; the other off- 
shore marine sediments show constant low or only 
threshold concentrations with no discernible gradient 
from the surface to the depth of sulfate depletion and a 
steep increase below. This difference can be quanti- 
fied by calculating the methane flow rates in the near- 
surface horizons and in the zone of steep increase in 
the sulfate-free layers (Table 1).  At Stn AL 93 the dif- 
ference in the flux rates of the 2 layers, representing 
the proportion of anaerobically oxidized methane, is 
lower (71 to 86%; Table 1) than in other investigated 
marine sediments, resulting in a comparatively higher 
methane flux to the surface. Data reported for anaero- 
bic consumption of methane in other marine sediments 
range between 90 and 100% of the upward diffusing 
methane (Reeburgh 1980, Devol 1983, Iversen & Jsr -  
gensen 1985, Reeburgh & Heggie 1977). 

Methane gradients extending to the sediment surface 
were found in some permanently anoxic marine basins, 
such as the Black Sea (Reeburgh et al. 1991), and in very 
productive coastal sedimcnts, where methane pioduc- 
tion occurs close to the sediment surface, as in Saanich 
Inlet (Kuivila et al. 1990), Cape Lookout Bight (Hoehler 
et al. 1994) or in Kiel Harbour (Schmaljohann 1996). 

Methane production rates 

The experimentally determined methane production 
rates of the upper 20 cm of the sediment are within the 
range found in offshore marine sediments of the Black 
Sea (Heyer 1990), Bering Sea (Griffiths et al. 1982) or 
open Baltic Sea (Lein et al. 1981). They also fit very well 
to the data obtained by Lein et  al. (1981) in the Gotland 
Deep (Stn 2622) with the radiotracer method (reduction 
of '"CO2). These authors determined a rate of methano- 
genesis of 5.4 pm01 m-2 d-' within the top 15 cm (recal- 
culated after the given data),  which is in the range of 
rates in our study (3.0 to 8.5 pm01 m-2 d-l) .  Coastal shal- 
low brackish water sediments in the southern part of 
the Baltic Sea showed rates which range between 553 
and 2016 pm01 m-2 d-' for open areas and 1.1 X 105 pm01 
m-' d-' for creeks and basins (Heyer et al. 1990). In Kiel 
Harbour, another site in the western part of the Baltic 
Sea with salinities of 15 to 22%n, methane production 
rates in the sediments seasonally varied between 302 
and 1963 pm01 m-' d-l. The fact that only negligible net 
production was detected by the applied headspace 
method at depths below 25 cm could be due to the fact 
that anaerobic methane oxidation consumed the pro- 
duced methane. As discussed above on the basis of the 
methane concentration profiles this process is expected 
to occur in the depth range in question. However, Lein 
et al. (1981), applying the tracer method for measuring 
methanogenesis in Gotland Basin sediments of differ- 
ent depths, also found no or only minimum activity be- 
low the surface maximum and increasing activity at  
depths of 85 cm or more. In comparison with methane 
flux rates in the surface layers (Table l ) ,  the integrated 
in situ methane production (0 to 20 cm) contributed 6 to 
20% to the surface methane flux and may considerably 
influence the diffusion from the sediment to the water 
column during anoxic periods. The inverted methane 
gradients in the surface layers (Fig. 6) are  indirect evi- 
dence of methane formation in the top sediment layer 
during anoxic periods. Though methane production 
at the sediment surface was superimposed by high 
vertical diffusion from deeper layers, production of 
methane and lack of aerobic methane oxidation during 
the anoxic period resulted in a 3-fold increase of con- 
centrations in the 0 to 2 cm layer and a relative increase 
compared to the 2 to 4 cm layer. 
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Importance of sulfate reduction and methane 
production in the carbon budget of the Gotland Deep 

The carbon consumption during sulfate reduction 
and methanogenesis can be calculated according to 
Ingvorsen & Brock (1982) based upon the consumption 
of 2 m01 organic matter (CH'O), corresponding to 24 g 
C, per m01 H,S and CH, produced: 

Oxidation half reaction: 
Oxidation of organic matter: 
2(CH20) + 2H20 + 2C02 + 8e- + 8H' 

Reduction half reaction: 
Sulfate reduction: Sod2- + 8e- + 9H' + HS- + 4H20 
Methane formation: CO2 + 8e- + 8H' + CH, + 2H20 

Based on an average SRR of about 6 mm01 m-' d-' (in 
the upper 20 cm of Stn AL 93 in June 1994, May and 
October 1995) the annual oxidized organic carbon by 
DSR amounts to 52.5 g C m-' yr-'. This is 44  % of the 
total average primary production in the Central Baltic 
(120 g C m-2 yr-l; Gocke 1996). As Stn AL 93 is repre- 
sentative of only the deepest part of the Gotland Basin, 
this calculation is valid only for this part and would 
overestimate the average annual oxidized organic car- 
bon by DSR, if applied to the whole basin. 

On average methane production rates in the deeper 
sediment layers (>80 cm depth) were 259 pm01 m-' d-' 
(Table l), corresponding to 2.7 g C m-2 yr-' and inte- 
grated rates of methane production in the sulfate-con- 
taining, surface layers (0 to 20 cm depth) were 5.8 pm01 
m-2 d-' (corresponding to 0.05 g C m-' yr-l). These cal- 
culations show that methanogenesis is not important in 
the main sulfate reduction layer, where the percentage 
of carbon consumption is only 0.1 % of that consumed 
by DSR. Including the deeper layer this proportion 
rises to 4.6%. 
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