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ABSTRACT: The dynamics of methane production and oxidation in the sediments of Kiel Harbour
(Baltic Sea) were studied over a period of 2 yr. Expenimientally determined rates of methanogenesis var-
ied between 13 and 82 pmol CH, m~? h™! integrated over the top 30 cm of sediment. The zone of maxi-
mum production was between 20 and 30 cm depth. High potential rates could be induced in sulfate-
containing surface layers by the addition of molybdate, acetate or methanol, indicating competition
with sulfate-reducing bacteria. The methane content in the sediment pore water increased from
the surface to a seasonally varying depth of between 5 and 20 cm, where sulfate concentrations
approached zero and methane concentrations of 3 to 4 mM were recorded. Aerobic methane oxidation
rates 1n the surface sediment layer were in most cases higher than the methane flux expected to reach
the sediment surface. Oxygen-depleted or anoxic conditions 1n the deep water, which frequently
occurred during stratification periods 1n summer, resulted in methane gradients with increasing con-
centrations from the chemocline to the sediment. After recirculation ot the water column 1n autumn n
both years, unexpectedly high methane concentrations were also measured in the oxic water column
of Kiel Harbour This coincided with very reduced conditions in the surface sediment that allowed
measurable methane production in the 0 to 10 cin laver
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INTRODUCTION

Methanogenesis and methane oxidation have been
studied in different areas of the Baltic Sea, showing that
methane can, under certain conditions, play an impor-
tant role in the carbon cycle of this environment and
can accumulate to high concentrations in the sediment
(Lein et al. 1981, Whiticar 1982, Berger & Heyer 1990,
Heyer et al. 1990, Bussmann 1994). During summer,
the water column of the western Baltic Sea is character-
1zed by a distinct stratification with a thermo-/halocline
of between 10 and 15 m depth. These conditions fre-
quently result in a depletion of oxygen in the deep wa-
ter, especially in sheltered areas like the fjords and
basins along the east coast of Schleswig-Holstein,
Germany. Such basins were shown to contain high con-
centrations of methane and hydrogen sulfide in near-
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surface sediment layers and in the anoxic deep water
(Bansemir & Rheinheimer 1974, Bussmann 1994).

It was the aim of this investigation to obtain data on
the seasonal variation of methane concentrations in the
sediment and in the water column, to determine the
rates of methane production and oxidation in the sedi-
ment, and to analyze under which conditions an export
of methane from the sediment to the water column
occurred. For this purpose, 2 basins in Kiel Harbour
were chosen, one of which was already investigated by
Bansemir & Rheinheimer (1974) in 1968-69 as to the
production of hydrogen sulfide , and a 2 yr study of the
methane budget during 1992 and 1993 was carried out.

MATERIAL AND METHODS

The investigation area in 1992 was a depression of
the Kiel Harbour bottom near the Howaldtswerke-
Deutsche Werft shipyard. It has an area of about 150 x



264 Mar Ecol Prog Ser 131: 263-273, 1996

300 m and a depth of 23 m, making it the deepest site
in Kiel Harbour with a mean depth of 11 to 15 m
(Stn BL, corresponding to that sampled by Bansemir &
Rheinheimer 1974). This sampling site had to be
changed at the beginning of 1993, because a new
dock was to be installed in the immediate vicinity. As
a replacement for this site, another depression with a
water depth of 21 m, close to the Institut fir Meeres-
kunde, was found (Stn WK).

Sediment samples were taken at the deepest part
of the depressions with the aid of an echosounder and
by taking bearings from nearby landmarks. Sediment
cores were obtained with a small gravity corer (‘Ru-
mohr-Lot') fitted with liners of 7.4 ¢cm inner diameter.
Salinity, temperature and oxygen content in the water
column were measured in situ by combined probes
(WTW, Weilheim, Germany) and water samples were
taken with a 51 hydrographic sampler.

For the analysis of methane concentrations in the
water column, 100 ml glass bottles were filled without
gas bubbles and stored at in situ temperature until
arrival in the laboratory (<1 h). There two 5 ml sub-
samples of each depth were injected into evacuated
16 mltubes, which were filled with 1.5 g NaCl to give
a saturated salt solution with the sample, and were
sealed with a solid butyl rubber septum. After 1 h of
shaking, this treatment resulted in an equilibrium
where 99.5 % of the methane was to be expected in the
gas phase. This headspace methane concentration
was determined by gas chromatography using a
Packard Model 438A fitted with a flame ionization
detector. Gases were separated on a 2 m x 2 mm
Hayesep T column with N, at a flow rate of 20 ml
min~! as carrier gas and an oven temperature of
100°C.

The methane content of the sediment pore water was
determined in a similar way: 5 ml of sediment, taken
with a cut-off syringe, was injected into a 20 ml screw
cap vial containing 5 ml saturated NaCl solution and
an additional 1.5 g NaCl. Thereafter, the vials were
quickly sealed, shaken for 1 h, and the gas content of
the headspace was determined by gas chromatogra-
phy. Methane concentrations per sediment volume
were corrected for porosity to give concentrations in
the pore water

The diffusive flux of methane from deeper sediment
layers of the oxic sediment surface was calculated from
the vertical profile of pore water methane concentra-
tions using Fick's first law-

Jp = -® D, (dC/dz)

where Jp is the diffusive flux (pmol CH, m 2 d '); ® is
the porosity of the sediment (0.88 to 0.90 at Stn BL and
0.84 to 0.89 at Stn WK); D, is the sediment diffusion
coefficient, calculated from the molar diffusion coeffi-

cient (D) by the empirical equation D, = D®? (Lerman
1979) using the temperature-dependent values for D in
Sahores & Witherspoon (1970); and dC/dz is the mea-
sured methane concentration gradient between the
surface (0 to 2 cm) and the sediment layer of methane
production (pmol I"! em™1).

The rates of methane production in the sediment
were measured by the following method: sediment
samples were diluted 1:1 with oxygen- and sulfate-tree
artificial seawater and most of the methane was
stripped off with N; (15 min). Aliquots of 40 ml, in trip-
licate for each sediment depth, were filled into 55 ml
crimp vials and sealed under N,. The vials were incu-
bated under in situ temperature and in darkness for
2 d, and the increase of methane in the headspace was
measured by gas chromatography. Corrections were
made for methane dissolved in the liquid phase at the
different partial pressures in the gas phase. Controls
with an addition of 20 mM 2-bromoethanesulfonate, a
specific inhibitor of methanogenesis, were made to dis-
criminate between biological activity and desorption of
methane from particles. Only the part of methane
release which could be inhibited by this compound
was used for the calculations. In order to study the
influence of sulfate reduction on methanogenesis and
to measure potential rates of methanogenesis, an addi-
tion of sodium molybdate (final concentration 10 mM)
was made to some of the samples to inhibit sulfate
reduction, or an excess of substrates (10 mM methanol
or 10 mM acetate) was added to minimize the competi-
tion between the 2 groups of bacteria.

The aerobic methane oxidation at the sediment
surface was determined in suspensions of the upper
1 c¢m of sediment by measuring the decrease of
methane during 24 h dark incubation under in situ
temperature (modified after Heyer & Suckow 1985).
For this purpose, 1 or 2 ml of surface sediment and
150 ml of near-bottom seawater taken from the same
station were filled into bottles and sealed without
any gas space. By injection of different amounts of
methane-saturated seawater, a range of concentra-
tions was established, which made it possible to
determine the dependence of the oxidation rate from
the methane concentration, to estimate the rate at
the in situ concentration and to calculate maximal
rates, V| .., according to Michaelis-Menten kinetics.
The methane content in 3 bottles before and in 3
bottles after the incubation was measured using the
same method as described above for water samples.

Sulfate concentrations in the sediment porewater
were determined by single column lon chromatogra-
phy (SCIC). Ions were separated on a 250 x 4.6 mm sil-
ica-based column with phthalate buffer (pH 4.9) at a
flow rate of 2 ml min~'. Sulfate was quantified by a con-
ductivity detector.
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For density and porosity determinations, sediment
samples of 50 ml were weighed before and after drying
for 24 h at 105°C. Total dry organic matter was mea-
sured by weight loss on ignition at 500°C.

Measurements of the redox potential were done
by piercing a Pt versus Ag/AgCl combination elec-
trode stepwise from the surface into intact sediment
cores. Readings were accepted after 2 to 10 min, de-
pending on constancy, and converted to potentials
versus the standard hydrogen electrode according to
temperature.

RESULTS
General sediment characteristics

The sediments of both stations are composed of
very fine, muddy material, containing 71 to 75%
(Stn BL) and 73 to 74% (Stn WK) water by weight
throughout the sediment cores from the surface to
45 cm depth. Whereas this composition is very uni-
form at Stn BL, there are layers of fine sand at differ-
ing depths at Stn WK. The percentage of organic mat-
ter from dry weight was between 12 and 16% in the
top 10 cm of Stn BL, decreasing to 10% at 40 cm
depth. The sediment of Stn WK was poorer in organic
matter (8 to 12%, decreasing to 7-8% at 40 cm
depth). There was a steep redox gradient within the
first 2 cm, which varied distinctly among seasons, but
below 6 cm depth values were constantly between
-200 and -240 mV. Sediments of both stations gave

off an intense odor of hydrogen sulfide and were col-
ored black from 1 or 2 cm downwards. Oil residues
were frequently found within the sediment cores. A
colonization with macrofauna was not registered dur-
ing the investigation period, with the exception of
some small polychaetes during spring and early sum-
mer 1992.

Methane and sulfate concentrations in the sediment

The porewater concentrations of methane and sul-
fate for each sampling date are given in Fig. 1 (Stn BL)
and Fig. 2 (Stn WK). Methane concentrations usually
increased linearly or as a concave curve from the sur-
face to a depth of between 5 and 22.5 cm, where high
values between 3 and 4 mM were recorded. At this
depth in most cases the curve levelled off, and below
more or less constant concentrations or a slight
increase followed. Methane contents in this range are
below saturation (5.1 mM for 15%. salinity, 10°C and
23 m water depth); no methane bubbles were observed
in freshly taken cores, but after short storage under
atmospheric pressure occurred below 10 or 15 cm sed-
iment depth.

A seasonality was found concerning the depth below
which high methane concentrations were present in
the sediment. Fig. 3 shows the depths where methane
occurred at more than 2 mM in the porewater. It is
evident that mainly in late autumn and early winter,
the near-surface sediment contained high amounts of
methane. In late winter, this depth was about 20 cm
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below the surface and ascended in summer during
stagnation periods to 11 to 15 cm (Stn WK) and 8 to
15 cm (Stn BL) respectively. The times when methane
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Fig 3. Sediment depths at stations BL and WK, where me-
thane concentrations increased to more than 2 mM
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occurred nearest the surface (November 9, 1992 and
October 5, 1993) were also times with the highest
methane concentrations in the water column (see
Figs. 7 & 8).

The sulfate concentrations in the porewater during
all seasons rapidly decreased with depth. Concen-
trations below 1 mM were measured at only 2 to 13
cm (Stn BL) and 9 to 17 cm (Stn WK) respectively
below the surface (Figs. 1 & 2). High methane con-
centrations (>2 mM) generally occurred only in sedi-
ment layers that contained less than 2 mM sulfate in
the pore water. The levelling off of the methane pro-
file below the zone of steady increase of con-
centrations always coincided with sulfate concen-
trations below 1 mM. In only 1 case (October 5, 1993)
was a situation found where high methane produc-
tion rates in sulfate-rich sediment layers (8 to 9 mM)
were recorded, as can be seen by the methane con-
centration profile (Fig. 2) and by the measured pro-
duction rate (Fig. 4B).
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Fig. 4. Methane production in the sediment, determined in

pure suspensions and with additions of molybdate, acetate or

methanol. (A) The situation found throughout most of the

year; (B) a typical autumn situation with methane production
in pure suspensions within the top 10 cm

Methane production and flow rates in the sediment

Methane production measured in sediment suspen-
sions without any addition of inhibitors or substrates
mainly occurred within the sediment layer 20 to 30 cm
below the surface (Fig. 4A). Only low activities were
recorded between 0 and 20 cm and below 30 cm depth.
Integrated values for the sediment between 0 and
30 cm ranged between 12.6 and 81.8 pmol CH, m™ h™!
(Table 1). A clear seasonality or dependence on tem-
perature cannot be concluded from the data, though a
tendency for higher activities in autumn can be recog-
nized. An addition of 10 mM molybdate to exclude
sulfate reduction resulted in high potential methane
production rates in sulfate-containing near-surface se-
diment layers, but mostly had an inhibitory effect at
greater sediment depths (Fig. 4A). A similarly advanc-
ing effect at all depths was achieved by the addition of
methanol or acetate in excess, which compensated for
the competition for substrates between methanogenic

Table 1 Calculated methane flux rates and experimentally
determined methane production rates in sediments of Kiel
Harbour: nd: no data

Sampling time Diffusive methane flux Production rate
and station Depth Rate 0 to 30 cm depth
(cm)  (pmolm “h™Y) {(pmolm™?2h™)

Stn BL

May 25,1992 17.5-0.5 77.1 nd

Jul 16 22.5-0.5 45.6 36.4

Aug 17 12.5-0.5 68.0 70.0

Nov 9 1.0-0 742 72.1

Jan 14, 1993 9.0-1.0 74.9 40.9

Stn WK

Feb 4, 1993 22.5-1.0 18.0 12.6

Mar 30 17.5-1.0 155 nd

May 11 17.5-1.0 57.3 nd

Jun 24 17.5-1.0 33.8 16.1

Aug 31 17.5-1.0 71.1 29.3

Sep 14 17.5-1.0 54.7 494

Oct 5 5.0-1.0 202 81.8

Nov 9 12.5-1.0 52.0 49.3

and sulfate-reducing bacteria. Acetate was a better
substrate for methanogenesis than methanol, espe-
cially in deeper horizons.

Methane fluxes based on the concentration gradient
between the site of methane production and the site
of consumption at the sediment surface were calcu-
lated as a control for the experimentally determined
methane production rates. If steady state conditions
are assumed, the diffusive fluxes require a methane
production rate of similar magnitude. Table 1 shows
the vertical methane flux rates calculated for the depth
range from the surface until the depth where the con-
tinuous increase of methane stopped. The highest flux
rates were determined in situations with the steepest
methane concentration gradients (November 9, 1992
and October 5, 1993). Rates were lowest during winter
with a weakly developed methane gradient and, due
to low temperatures, a small molar diffusion coefficient
(D). A comparison between the calculated flux rates
and experimentally determined production rates
(Table 1) shows that both rates are in generally the
same range, but in some cases, flux rates are clearly
higher

Aerobic methane oxidation rates at the sediment
surface

Fig. 5 shows the measured methane oxidation rates in
the surface sediment layer. The maximal rates, Vyax,
are potential rates measured at optimal methane and
oxygen supply in diluted suspensions. They are a rela-
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Fig. 5. Potential methane consumption rates in the sediment at Stns BL and
WK. Maximum rates per volume of surface sediment (0 to 1 cm) are given
besides calculated rates for sediment area (assuming an oxygen penetra-
tion of 4 mm and using the measured methane concentrations of the 0 to
2 cm layer). During August 1992 and 1993, no oxygen was present in the
near-bottom water and no actual aerobic methane oxidation was possible

tive measure for the population size and activity of
methanotrophic bacteria and enable a comparison be-
tween different sampling times. The in siturates calcu-
lated per area take into account that aerobic methane
oxidation is only possible in oxygen-containing sedi-
ment layers (assumed here to be the top 4 mm of sedi-
ment) and are calculated for the average methane con-
centration of the 0 to 2 cm sediment horizon.

Fig. 6 gives an example of the dependence of the
methane oxidation rate on the methane concentration
in different seasons (summer and autumn). V. values
varied between 21.9 and 235 umol dm™* h™!, though in
7 of 13 cases the activity ranged from 30 to 43 pmol
dm™ h ! Especially high activities were measured
during summer stagnation at Stn BL (July 16, 1992)
and during autumn 1993 at Stn WK. V., rates varied
with 1 exception between 65 and 319 pmolm*h™! (x =
170.4 + 93.0). A comparison of rates at different sea-
sons shows that even at low temperatures (e.g. 3.2°C
on February 4, 1993) rates comparable to those in sum-
mer can be measured.

Assuming that the oxidation of 1 mol methane re-
quires 2 mol oxygen, the oxygen consumption due to
this process would range between 130 and 638 pmol
m™? h™' corresponding to 100-490 mg O, m™ d.
Depending on physiological conditions of the methan-
otrophic bacteria and on the degree of methane oxida-
tion (methanol, formaldehyde}, the ratio of oxygen to
methane may be less than 2, resulting in lower oxygen
consumption.
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N | BN | * .
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Physical and chemical conditions in the
water column

- 500
The distribution of methane in the water
I 400 column depends largely on the stratification
and the presence of oxygen. Figs. 7 & 8
- show the temperature, salinity, oxygen and
E‘“L 300 methane conditions in Kiel Harbour during
1992 and 1993. Temperatures in the near-
bottom seawater varied between 3 and
200 17°C; salinity varied between 15 and 22 %,
The year 1992 was characterized by a
100 well-developed summer stagnation period,

which was finished by a strong wind phase
on September 14-15. At this time, a com-
plete mixing of the water column occurred,
which led to a fish death due to upwelling of
oxygen-poor deep water. The oxygen data
(Fig. 7) show that on May 25 a marked
chemocline was already established and
that on August 17 and September 15, no
oxygen was present in the deep water. The
chemocline always coincided with a halo-/
thermocline at the same depth (7 to 12 m).
Methane concentrations increased from the
surface to the bottom at those times, where a chemo-
cline was present, but stayed below 1 uM (with the
exception of a near-bottom sample from August 17).
After mixing on September 15, homogeneously distrib-
uted high methane concentrations of about 1 uM
occurred throughout the water column. Extremely
high concentrations (up to 8 uM) were recorded on
November 9, when after a long circulation period the

b
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Fig. 6. Influence of methane concentration on methane con-
sumption 1n the sediment. Data from August 1992 at Stn BL
represent average activities, whereas exceptionally high activ-
ities are shown tfor October 1993 at Stn WK. In situ concentra-
tions were 315 uMin August 1992 and 168 uM 1n October 1993
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water column was again saturated with oxygen and
there was a high vertical methane flux in the surface
sediment (Table 1).

In 1993, the oxygen supply in the deep water of Kiel
Harbour was higher than in 1992. On only 2 sampling
dates (August 19 and 31) was no oxygen present in the
near-bottom water, and only during a period of
1 month was less than 3 mg O, I"! measured (Fig. 8).
Methane concentrations in the top 5 m of the water
column ranged between 0.1 and 0.3 pM. In stagnation
periods, the methane content increased towards the
bottom, where values up to 1.1 pM were recorded. As
in autumn 1992 in a period with high methane concen-
trations in the surface sediment (October 5, 1993),
unusually high amounts of methane were present
throughout the oxic water column. Methane profiles
during the stagnation period (August 3 to September
14) generally had a mid-depth maximum of between
10 and 14 m (Fig. 8).

DISCUSSION

From earlier investigations, it is known that the sed-
iment of Stn BL in Kiel Harbour is a source of hydrogen
sulfide penetrating into the water column during stag-
nation periods in summer. Hydrogen sulfide was
shown to originate from intense sulfate reduction
within the first 1 to 2 cm of the sediment. Up to 3.6 mg
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Fig. 7. Temperature, salinity, oxygen and methane concentrations in the water
column of Kiel Harbour, measured at Stn BL. Note different scale for methane

on November 9

H,S 1! was found in the deep water (Bansemir &
Rheinheimer 1974).

In this study, it was shown that methane is also
produced in high quantities in this sediment. The
methane concentration profile in the water column
suggests that there is a diffusion of methane from the
sediment into the water, which during stagnation
periods results in a gradient with high concentrations
near the sediment surface and lower concentrations
towards the chemocline. This was to be expected
in periods with anoxic deep water because of the in-
hibition of the aerobic methane oxidation at the sedi-
ment surface. However, the finding of high concen-
trations of methane in the mixed, oxic water column
during certain situations In autumn was surprising.
There are at least 2 possible explanations for these
methane dynamics:

(1) Intense aerobic decomposition in the surface
layer after a period of retarded decomposition during
stagnation could result in a more reduced sediment
close to the surface and a corresponding higher sulfate
reduction activity and sulfate depletion in this horizon.
This, along with a higher availability of substrates,
would favour methanogenesis in a layer where the
competition with sulfate reducing bactena would oth-
erwise inhibit this process. This is supported by the
steep sulfate concentration gradient with complete
consumption of sulfate at 12 cm (October 5, 1993) and
3 cm depths (November 9, 1992) respectively. Simi-
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larly, Bansemir & Rheinheimer (1974) reported high
numbers of sulfate-reducing bacteria in the 0 to 1 cm
horizon in November (100000 cells cm™3), which de-
creased to 5000 cells cm™? in March.

(2) After the breakdown of stratification and total
mixing of the water column in late autumn, a phyto-
plankton bloom regularly occurs in Kiel Bight. This
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Fig. 8. Temperature, salinity, oxygen and methane concentrations in the
water column of Kiel Harbour, 1993, measured at Stn WK

bloom has a high biomass of primary producers, but
low numbers and activity of consumers able to miner-
alize the phytoplankton in the water column, therefore

resulting in bulk sedimentation of organic matter to the

bottom (Smetacek et al. 1984). Subsequent intense
decomposition processes as described above would
also result in very reduced surface sediment layers.
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Generally, the distribution of methanogenic activity
with a maximum between 20 and 30 cm sediment
depth, below the sulfate reduction zone, corresponds
to the known pattern in marine sediments, where
methanogenesis is inhibited in near-surface horizons
by substrate competition with sulfate-reducing bacte-
ria (Crill & Martens 1983). An addition of substrates in
excess that are used by methanogenic bacteria as well
as by sulfate-reducing bacteria (acetate) or mainly by
methanogenic bacteria (methanol) resulted in an
increase of methane production, also in sulfate-con-
taining horizons, compared with samples without any
additions. These potential methane production rates
show that the bacteria responsible for this process
are present in the sulfate-containing layers but are not
active under the experimental conditions. An inhibi-
tion of sulfate-reducing bacteria with molybdate also
induced methanogenesis in the near-surface sediment,
but frequently had no effect at deeper horizons, indi-
cating that competition with sulfate-reducing bactena
was the reason for the lack of methanogenic activity
there. Thus, these sediments differ clearly from salt
marsh or shallow water sediments, where methane
production frequently takes place within the top
10 cm, often simultaneously with sulfate reduction and
by using non-competitive substrates like methyl-
amines (Oremland et al. 1982, King et al. 1983, Heyer
et al. 1990).

The methane production rates measured by the
applied method were net rates. In contrast to methods
using single labelled substrates like '‘C-acetate or
H™COy, it records methane production by all pos-
sible substrates. However, anaerobic methane oxi-
dation cannot be excluded and possibly reduces the
net release of methane. According to Iversen & Jor-
gensen (1985), anaerobic methane oxidation can be
expected at a sediment depth where sulfate and me-
thane are present in equimolar concentrations. This
depth in the sediments studied in Kiel Harbour lies
between 7 and 12.5 cm, at the crossover of the sulfate
and methane concentration profiles (Figs. 1 & 2). The
process of anaerobic methane oxidation may also be
the reason for the concave nature of the methane pro-

files between the zone of production and the sediment
surface, and for the sharp decrease in methane con-
centrations above the production zone. Applying
diffusion models, such a curve can only be explained
by an anaerobic consumption of methane, and several
authors have used the shape of the methane profile
in sediments to calculate anaerobic methane oxida-
tion rates (Barnes & Goldberg 1976, Reeburgh 1976,
Martens & Berner 1977). A possible undervaluation
of the true methane production rates might also be
the reason for the differences between the calculated
methane flux rates and the measured production rates
in this study. It is known that sediment slurries, as
were used for these experiments, often have lower
activites than intact cores because sediment-microbial
associations are disturbed. Another reason for this
might be that the integrated values for methano-
genesis given in Table 1 refer to a sediment depth from
0 to 30 cm. In some longer cores that were investi-
gated, however, low activity was also measured
beneath that depth.

Methane production rates determined in this study
ranged from 13 to 82 pmol m %2 h™!. These rates, mea-
sured at in situ temperatures between 3 and 15°C, are
comparable to those of similar coastal marine habitats,
which at similar depths and temperatures exhibit rates
of between 0.5 and 160 pmol m™? h™! (Table 2). The
sediments investigated in Kiel Harbour clearly have
less activity than many shallow, light exposed, subtidal
or salt marsh sediments, but produce more methane
than seen in marine sediments of greater depth (Heyer
1990).

The aerobic methane oxidation rates determined in
the 0 to 1 cm surface sediment have to be interpreted
as potential rates. They are dependent on the actual
oxygen and methane conditions in the first few
millimeters of sediment, which are very difficult to
determine in situ. The 'in situ’ rates calculated for an
oxygen penetration depth of 4 mm and the methane
concentration measured in the 0 to 2 cm horizon
(Fig. 5) are in most cases higher than the methane
production and methane flux rates. Thus, the sedi-
ment surface should be an effective barrier for the

Table 2. Comparison of methane production rates in shallow water marine sediments of different geographical ongin

Location Water depth ~ Sediment depth Rate Source
(m) (cm) (umol m * h™!)
Port Moller {Bering Sea) 3-30 0-10 160 Griffiths et al. (1983)
Saanich Inlet (British Columbia, Canada}, 220 30-120 2.3 Kuivila et al. (1990)
Cape Lookout Bight (North Carolina, USA)  10-20 0-35 20-40 Crill & Martens (1983)
Swedish west coast 8-13 0-5 0.5 Gunnarsson & Rénnow (1982)
Gulf of Riga (Baltic Sea) 54 0-200 129 Lein et al. (1981)
Kiel Harbour (Baltic Sea) 20-23 0-30 16-82 This study
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vertical methane flux from the sediment to the water
column. However, regarding the methane concentra-
tions in the water, it has to be concluded that an
export of methane from the sediment takes place, at
least in stagnation periods with poor oxygen supply in
the deep water and a stratified water column, but also
during autumn, when the water column is mixed
again. Even in winter and spring, methane concentra-
tions in Kiel Harbour water range between 0.05 and
1.2 pM and thus are about 2 orders of magnitude
higher than in open ocean surface waters (0.0018 to
0.0031 pM; Heyer 1990). Therefore, throughout the
year, a diffusion of methane from the sediment to the
water column has to be postulated. An emission of
methane by release of gas bubbles, as can be seen in
many other harbour basins, has never been observed
and cannot be expected because of concentrations
in the sediment below the saturation point. As the
harbour water is oversaturated with methane with
respect to air, there will be also a methane flux from
the water to the atmosphere.

An oxidation of methane in the water column cannot
be excluded; especially during stagnation periods, this
process might be active at the chemocline. Attempts to
measure this activity with the method also applied for
sediment methane oxidation did not reveal any
methane consumption, probably because the sensitiv-
ity of this method was not sufficient.

Aerobic methane oxidation at the sediment surface
will contribute significantly to oxygen consumption
at this site. Though this process was not measured
directly, an estimation of the proportion of oxygen
needed for aerobic methane oxidation shall be carried
out. Taking the average methane flux rates as a basis
(1.24 £ 0.52 mmol m~2 d°! for all samplings except the
extreme autumn values of November 9, 1992 and
October 5, 1993), the amount of oxygen required to
oxidize all methane diffusing to the sediment surface
can be calculated. Assuming a consumption of 2 mol
O, for the complete oxidation of 1 mol CH, to CO,,
2.48 + 1.04 mmol O, m™ d~! would be required. These
data can be compared to the total oxygen uptake
data determined by Pollehne (1986) in intact sediment
cores from a similar station in Kiel Bight at 28 m water
depth; he found mean oxygen uptake rates of 8.88 =
4.78 mmol m~2 d~' as an average of 11 sampling times
between March and November. Accordingly, a com-
plete aerobic oxidation of the methane produced in the
sediment of the investigated stations in Kiel Harbour
would consume about 28 % of the total oxygen uptake.
The data of this study do not allow the determination of
which proportion of the methane produced is actually
oxidized at the sediment surface, but show that aerobic
methane oxidation is an important oxygen-consuming
process in this environment.
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