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ABSTRACT: In Eckernforde Bay (western Baltic Sea) pockmark structures are induced by groundwa-
ter seeping out of the sediment. On 3 occasions in winter and spring 1993-94 we investigated the influ-
ence of groundwater on the reduction of salinity, on porewater chemistry, and on bacterial activities
(methane oxidation and sulphate reduction). In 2 out of 3 sampling campaigns groundwater discharge
could be detected. The concentration gradients of Cl” and SO,” are moved towards the sediment sur-
face by the vertical advection of groundwater during seep times. Without groundwater discharge the
porewater chemistry resembled the control site. Compared to the control site, the methane oxidation
and sulphate reduction rates were elevated at the pockmark site, reaching maximum values of 49 and
269 umol "' d~! respectively. The groundwater venting from the pockmark had an end member com-
position of 80 mM Na*, 1.0 mM Ca™ and was depleted in Mg**. Due to mixing of these major cations
along the groundwater/seawater interface, no CaCO;, precipitation was found around the pockmark
site.
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INTRODUCTION

Submarine groundwater discharge and seawater
cycling through marine sediments are important pro-
cesses for the mass flux across sediment-water inter-
faces in marine environments. This mass flux, includ-
ing nutrients and dissolved organic matter is important
for biological productivity and geological mineraliza-
tion processes (Simmons 1992). The movement of
water across the sediment-water interface sets the
microclimatic conditions for micro- and macrofauna
inhabiting sediments (Riedl & Machan 1972). More-
over, submarine groundwater discharge also may be a
vehicle for biocides and other anthropogenic contami-
nants (Gallagher et al. 1996). Recent studies estimate
the groundwater input into coastal waters to be about
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40 % of the river water flux, or about the order of a first
order spring (Moore 1996). The amount of discharge
may be estimated by using methane and radon as trac-
ers (Cable et al. 1996).

Pockmark-like structures are a common feature at
the northern and southern borders of Eckernférde Bay,
western Baltic Sea (Werner 1978). These depressions
are related to groundwater discharge from a land-
based aquifer reaching into Eckernforde Bay (Liebau
1985). Irregular groundwater discharge from the pock-
mark results in a reduction of salinity in the porewater
of the surrounding sediments (Khandriche & Werner
1994). The groundwater discharge dilutes bottom
water salinities to values as low as 2.9 ppt, and
methane concentrations in the bottom water range
between 11 and 440 nmol 1"}, depending on the seep-
age activity (Bussmann & Suess 1998).

The pockmarks in Eckernférde Bay are charac-
terised by 2 aspects: (1) methane seeping out of the
sediment and (2) the effect of low salinity groundwater
intruding into marine sediments. Methane seeping out
of the sediment is suspected to have a stimulating
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effect on microbial activities, as known for other seep
environments (Dando et al. 1994a). The most important
pathways of organic matter decomposition in Eckern-
férde Bay are sulphate reduction and methanogenesis
(Pollehne 1986), indicated by a rapid depletion of sul-
phate and the high concentrations of methane in the
sediments (Whiticar 1982). Stable C and H isotopic
measurements of methane in the Bay indicate a rela-
tively rapid methane oxidation in the upper 1 m, while
below 1 m the isotopic signal clearly points towards a
strong methane production (Martens & Albert 1994). In
this study, we measured the sulphate reduction and
methane oxidation rates as indicators of the methane
consuming process in the upper sediment layers.

We also tried to assess the effect of the outflowing
groundwater. Depending on the mixing ratio of fresh-
to saltwater, the groundwater is suspected to have a
detrimental effect on the fauna. The lowered salinity in
the sediment will increase osmotic stress for the macro-
fauna. Calcium precipitation, a common feature of
methane seeps, will also be influenced by the ground-
water. Therefore the ion concentrations of the porewa-
ter, particularly those of calcium and magnesium, were
also determined to better understand freshwater ver-
sus marine inputs.

MATERIAL AND METHODS

Sediment sampling and porewater chemisiry. Eck-
ernforde Bay is a 17 km long and 3 km wide inlet of
Kiel Bay situated in the western Baltic Sea (Fig. 1).
Sediment samples were obtained with a small gravity
corer (Rumohr-Lot, 1 m length, 10 cm diameter) at the
pockmark site (54°29.95'N, 10°2.28'E) and at a con-
trol site (54°30.86'N, 10°1.88'E). Being at the same
water depth of 25 m, the control site north of Mittel-
grund was in the same water body as the pockmark.
Separate cores were taken at both sites for measure-
ments of methane oxidation rate and sulphate reduc-
tion rate. All sediment cores were sampled initially at
2 cm intervals, followed by 5 and 10 cm intervals down
to the maximal depth. Measurements of the porewater
chemistry were done in December 1993, January 1994
and May 1994 to assess temporal variability. Measure-
ments of the methane oxidation rate and sulphate
reduction rate were only done in May 1994.

Methane concentration in the sediment (in umol 1!
sediment) was obtained by the head-space method
(Kiene & Capone 1985). Porewater obtained by cen-
trifugation was analyzed for chlorosity according to
Grasshoff (1983) and for sulphate by ion chromato-
graphy (Petersen & Ahring 1990).
Dissolved sulphur species were deter-
mined by HPLC of their monobromo-
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: bimane derivatives (Newton et al.
1981). Total sediment sulphides were
reduced by chromous chloride to H,S,
which was determined colorimetri-
/ cally. Analytical methods for iron

/ sulphides, elemental sulphur and sul-

phate followed those previously de-
scribed (Dando et al. 1991). Mg** and
Ca** in the interstitial water were de-
termined by atomic absorption spec-
troscopy and Na* by atomic emission
) spectroscopy.
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" ments of the methane oxidation rate in
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ey The amounts of '“CH, and '“CO,
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(¢4 Eckernforde Bay Iversen & Jergensen (1985). Due to

Fig. 1. Study area in Eckernférde Bay, western Baltic Sea. Shaded areas are low radioactivity of the CO, fraction,

pockmarks. PM: Pockmark site, C: control site

counting was extended to 30 min. Ad-
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ditionally, the amount of radioactivity fixed as assimi-
lated carbon (*C,im) in the sediment was determined
in triplicate by burning the dried sediment with an au-
tomatic Packard "C sample oxidizer for liquid scintilla-
tion counting. Preliminary control experiments had
shown that shortly after the tracer addition >95 % of the
radioactivity was recovered in the methane fraction.
Rates of methane oxidation (in pmol 1! sediment d7')
were calculated from the amount of *CO, and C,im
in the sediment, from the methane concentration and
the radioactivity of the added methane. Methane analy-
sis was conducted with a Chrompack gas chromato-
graph (438 A) with a flame ionization detector, operat-
ing at 200°C. Methane was separated on a Haysep T
column (80/100 mesh, Chrompack). Temperature of the
injector, the oven and the detector were 50, 100 and
200°C respectively. Gas stream was 20 ml min~' with N,
as carrier gas, 25 ml min~! with H, and 250 ml min™!
with synthetic air.

Sulphate reduction rates. Sulphate reduction rate
measurements were made in 4 ml polystyrene syringe
subcores which were injected along the length of the
subcore with 5 ul of K,**SO,. The subcores were incu-
bated in the dark for 6 h at 4°C. Incubation was
stopped by extruding the syringes into a zinc acetate
solution (50 g 1"') under a nitrogen atmosphere. After
dispersing the sample by shaking, it was frozen until
analysis. The reduced sulphur in the sediment was
released by treating the sediment with acidified chro-
mous chloride solution under argon, and trapping the
hydrogen sulphide released in 5% zinc acetate solu-
tion (Zhabina & Volkov 1978). The amount of radioac-
tivity in the sulphide was determined by scintillation
counting, after mixing the zinc acetate solution with
scintillant (Packard Instagel), using the channel ratios
method for quench correcting. The radioactivity of the
3580, remaining was determined by counting aliquots
of sediment washings. Interstitial water samples from
parallel subcores were collected by centrifugation
under an argon atmosphere, and sulphate was deter-
mined by HPLC after removing hydrogen sulphide in a
stream of argon. The water content was measured by
drying aliquots of the sediment to constant weight at
60°C. Sulphate reduction rates were calculated by
multiplying the proportion of the total **S reduced by
the fractionation factor and by the dissolved sulphate
in 1 dm® sediment (Jergensen 1978).

Oxidation of dissolved sulphide to sulphate during
sample processing would lead to an apparently ele-
vated sulphate reduction rate in sulphide-rich sediment
such as those sampled in the pockmark. This does not
apply to our cores since the samples from the horizons
with most sulphide (30 to 40 cm) showed no sulphate in
the pockmark cores. Additionally incubation was per-
formed in a sealed system to avoid any oxidation.

Macrofauna sampling. Samples through the bacter-
ial mat in the pockmark were collected in 5 ml cut-off
syringes by SCUBA divers. These were examined by
light microscopy. Box core samples (0.25 m?) were
sieved through a 200 pm mesh and the residue was
preserved in 70% industrial alcohol before sorting
under a stereomicroscope.

RESULTS

Temporal variations of porewater profiles at the
pockmark and the control sites were investigated 3
times (6 December 1993, 25 January and 4 May 1994).
Groundwater seepage was observed in December
1993 and May 1994, but not in January 1994.

Chloride concentrations at the control site showed no
decrease with sediment depth in January or May
(Fig. 2A). Chloride concentrations at the non-active
pockmark (January 1994) slightly decreased with
depth. However, with groundwater seepage (Decem-
ber and May), chlorosity rapidly decreased within the
first 10 cm; and subsequently stayed at about constant
levels of an average of 106 and 36 mmol I"' respec-
tively (Fig. 2B).

Methane concentrations at the control site were an
order of magnitude lower than at the pockmark at all
times (Fig. 2C), but steadily increased with depth. In
May methane concentrations exceeded the values of
January. At the pockmark (Fig. 2D), methane concen-
trations in January and May showed a similar increase
with depth, except the higher values at sediment
depths below 30 cm for the January values. The seep-
age of groundwater in December straightened the
methane profile, generating average levels of
257 pmol I'! between 3 to 40 cm depth.

At the surface of the control site, sulphate concentra-
tions ranged between 18 and 28 mmol I"!, decreasing
to 5 to 6 mmol 1! at the depth of 50 cm (Fig. 2E). At the
pockmark site without groundwater seepage (January
1994) surface concentrations started with 20 mmol 17!,
reaching zero values at a depth of 30 cm (Fig. 2F). On
the dates with groundwater seepage, surface concen-
trations of sulphate rapidly decreased within the first
10 cm. In December the sulphate was not depleted and
showed an almost straight profile with an average of
3.77 mmol I"!. In May it reached zero values at a depth
of 14 cm.

Bacterial activities, i.e. methane oxidation and sul-
phate reduction rates, at the active pockmark site were
higher compared with the control site for the May 1994
sampling date. At the control site methane concentra-
tions increased steadily with sediment depth with a
steep increase starting at 50 cm (Fig. 3A). The oxidation
rate of methane revealed a similar pattern, remaining
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beneath 1 pmol I"' d°' until a depth of 40 c¢m. Below
40 cm the activity increased reaching a maximum of
10 pmol I' d7! at 60 cm depth (Fig. 3C). At the pock-

mark site, methane concentrations increased continu-
ously until a depth of 20 cm, and then increased rapidly
to maximal values of 1372 nmol 1! at a depth of 60 cm
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Fig. 2. Porewater concentrations of chloride, methane and sulphate at the con-

trol and pockmark sites. Sampling dates were: 6 December 1993, with seep-

age (m); 25 January 1994, without seepage (O); 4 May 1994, with seepage (#).
For the control site no data were available for December 1993

(Fig. 3B). Methane oxidation rate also
steadily increased to a depth of 20 cm
(Fig. 3D). Unlike in other cores with
aerobic subsurface maxima (Frenzel et
al. 1990), no such maximum was de-
tected at the pockmark site, although
oxygen penetrated to a depth of 13 mm
(E. Sauter, GEOMAR, unpubl.}. Below
20 cm the methane oxidation rate
showed high variability and 3 maxima of
activity, at 25 cm depth (49 umol "' d°1),
at 40to 45 cm (45 umol I"! d7Y) and again
at 55to 60 cm (30 umol I! d71).

In May 1994, sulphate concentrations
started with about the same concentra-
tions at the surface, but in the seep core
sulphate became more rapidly depleted
(Fig. 4A,B). This effect is seen best after
allowing for the diluting effect of the low
ion-concentration discharge, and for
water of varying salinity trapped in the
sediment, by plotting the SO, :Mg**
ratio (Fig. 5F). Both cores showed a sim-
ilar immediate sub-surface maximum of
sulphate reduction of 130 to 170 pmol 17!
d™! (Fig. 4A,B). In both cores this
declined to approximately 20 umol 17!
sediment d-! at 12 cm depth. The seep
core showed, in addition, a larger sec-
ond peak of activity just below 20 cm
depth, a depth at which the sulphate
concentration of only 0.5 mM was prob-
ably limiting (Fig. 4B). This second peak
of sulphate reduction, 269 umol I"' d"! at
21 cm depth, in the seep core is respon-
sible for the major sulphate consump-
tion in the pockmark sediment and was
nearly coincident with the maximum in
methane oxidation activity at 25 cm
depth (Fig. 3D).

To investigate the effects of the seep-
age on the macrofauna 1 box core from
the pockmark was compared with a sim-
ilar core from the control area. The only
bivalves found were Corbula gibba and
juvenile Mytilus edulis. The C. gibba
had similar densities in both cores,
270 m~? in the seep core and 250 m™? in
the control core. M. edulis were absent
in the seep core compared to 670 m~2 in
the control. The presence of the young
M. edulis in the control core was proba-
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control pockmark extrapolation to zero Mg** allowed esti-
mates for the minimum concentrations
CH, [umol 1] C H, [umol "] in the underlying reservoir of Na*
0 500 1000 1500 0 500 1000 1500 (79.5 mM) and Ca™ (1.0 mM).

=== : : 0 ?, ' ' ' Calcium concentrations rapidly de-
0. A 0 ‘%’J B creased with depth in the pockmark
i [ ‘_" core, due to dilution with groundwater
20 {':, 20 ) containing lower lon concentrations
. b | 0\@\ (Fig. 5B). However the Ca*":Mg** ratio
E 30 ‘JID 30 | [N increased with depth in this core due to
£ 0 $ 40 m\\l the presence of Ca™, but not Mg**, in
3 i ¥ discharging groundwater (Fig. 5D). The
50 4 & 50 - - cation composition indicates that the
k outflowing vent water is enriched in

60| o 60 | you dissolved Ca** and depleted in Mg**,

| o
70 - 70 J
o I o 4 DISCUSSION
C H4 oxidation rate [umol | © d"'] C H4 oxidation rate [pymol | = d™' ]

o 512 4 3 9 % In the course of 6 mo the pockmark
and control sites were sampled 3 times
10 % ¢ during periods with and without
*I groundwater seepage. In May 1994
20 & seepage activity was measured in situ
E 30 with a benthic chamber, described by
= Linke et al. (1994). Flow rates varied,
2 40 ranging from 170 to 472 1 m™ 4! (P.
© Linke, GEOMAR, unpubl. data). Sub-
50 f(‘]_‘ marine groundwater fluxes along the
60 | o eastern coast of the USA range between
5 and 10 1 m™? d! (Simmons 1992),
70 whereas flow rates at the Aleutian sub-

Fig. 3. Methane concentration and methane oxidation rate in 2 replicate sub-
cores (01,0) of control and pockmark sediments sampled on 4 May 1994. Note:

this was a different core than shown in Fig. 2

bly related to the presence of coarser sediment parti-
cles, allowing settlement of bivalve larvae. Annelids
were dominated by spionid polychaetes, Polydora sp.,
with 760 m~? in the seep core compared with 480 m™* in
the control.

In May 1994, the porewater chemistry of a pockmark
core during a seepage situation showed a decline in
ion concentrations (Na*, Ca**, Mg™ and SO,%) with
sediment depth (Figs. 4 & 5). In contrast, the control
core showed much less variation with depth. Here, the
pronounced peak in Na*, Ca*", Mg** and SO~ at 12 cm
depth, and the lesser peak at 16 cm depth are indica-
tive of higher salinity water being trapped within the
sediment. Plotting ratios of Ca* and Na* to Mg**
against depth (Fig. 5D E} showed that the lower salin-
ity water entering the base of the pockmark was very
deficient in Mg**, relative to these other ions. Since the
plots of Mg** against Na* and Ca** (Fig. 6) were linear,

duction zone lie more within the range
of our data, 240 + 200 I m~2d~! (Suess et
al. 1998).

The most pronounced discharge was
registered in December. This discharge
moved the concentration gradients of chloride and sul-
phate towards the sediment surface and straightened
the methane profile. Without groundwater seepage the
chloride profiles show a similar pattern to those at the
control site.

The influence of the discharge in May on the pore-
water is more ambiguous than in December. The chlor-
ide profile clearly indicates a strong groundwater flow
in May, which is even more pronounced than the one
in December. This is in contrast with investigations
from the water column, which indicate a weaker dis-
charge in May than in December (Bussmann & Suess
1998). Thus, for the methane profile, the May dis-
charge conditions seemed to have less influence than
conditions in December; it was more comparable to the
non-discharge situation in January. But even under the
non-discharge situation methane concentrations are
much higher than at the control site in January. How-
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control pockmark groundwater escapes the sediment in small fis-
sures only a few centimeters wide (Khandriche
S0, [mmol ') S0, [mmol "] & Werner 1994).
0 5 10 s 20 0 5 10 15 20 At the methane seeps of Eckernforde Bay no
0 . = 0 "/./.' ! ! calcium carbonate mineral precipitation takes
0 /‘r ¢ - 0 | & place. The outflowing vent water may be
¢ a— p ST described by its cation composition (80 mM
20 4 P I 20 | o \ Na*, 1 mM Ca** and no Mg**) as a low salinity
o S water undersaturated with carbonate. The rea-
'g 30 1 j/ 30 son for the absence of carbonate precipitation
£ 40 ] 0 1: is probably the higher solubility of the carbon-
g ate in the low salinity water, as well as the reg-
50 50 1{ ular flushing of the pockmark sediments by the
carbonate-undersaturated groundwater. This
60 A 60 1 B finding is opposite to most shallow water
70 - 70 I . methane seeps, where the precipita?ion of cal-
0 100 200 300 0 100 200 300 cium carbonate leads to cementation of the
. A a sediment (Jensen et al. 1992).
S O, reduction rate [ymoll = d7] S O, reduction rate [umol | Yd The abssence of any cemen)ted substrate may
explain the nearly uniform distribution of
0 0 macrofauna between the pockmark and the
TN‘ T\_ control site. Elevated biomass at cold-seeps is
10 A %Em 10 ‘I "'\,I usually due to increased epifauna present on
J i \o cemented sediment, e.g. the Kattegat methane
201 \ 20 | AN seeps (Jensen et al. 1992), or to symbiotic asso-
= a0 B - 30 : R ciations, e.g. the Skagerrak methane seeps
f & 1 (Dando et al. 1994a). However in the pock-
:‘} 40 40 = mark investigated, there was no specialized
© | = - macrofauna utilising either sulphide or
507 307 methane, in contrast to the situation found in a
60 - c 60 b North Sea pockmark (Dando et al. 1991). This
may be due to the reduced salinity, since no
70 LA S B AL LA e S e S A symbiotic associations between animals and
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total dissolved reduced S
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Fig. 4. Sulphate concentration (0), sulphate reduction rate (®) and
total dissolved reduced sulphur species (O) in the sediments of the

control and pockmark sampled on 4 May 1994

ever, higher methane concentrations at a pockmark
site compared to a non-pockmark site are also reported
from Martens & Albert (1994). For sulphate in May
there was no straightened profile like in December,
but due to a strong sulphate reduction rate it was
already depleted at 14 cm depth. This rapid depletion
was probably due to the combined action of a strong
sulphate reduction rate {Fig. 4) and seepage dilution
(as seen from the corresponding chloride profile in
Fig. 2).

The different reactions of the parameters on a seepage
situation may be explained by a profound heterogeneity
of the pockmark site. This heterogeneity may be spatial
as well as temporal: SCUBA divers observed that the

total dissolved reduced S

sulphur- or methane-oxidising bacteria have
been recorded in freshwater or brackish condi-
tions {Southward 1987).

The influence of the reduced salinity on bac-
terial activity at this methane seep was more
complex. The comparison between the 2 sites
reveals that the bacterial activity (methane
oxidation and sulphate reduction) was ele-
vated at the pockmark site (Table 1). Methane oxida-
tion rates at the pockmark were at least 1 order of mag-
nitude higher than at the control site, 1.13 to 4.06
versus 0.13 mmol m™? d-!. The integrated sulphate
reduction rates over the upper 35 cm of sediment
showed a doubling of activity in the pockmark sedi-
ment, 33.1 versus 16.0 mmol m~2 d"". This increase was
due to the peak below 20 cm depth which corresponds
to increasing methane concentrations and the first
methane oxidation peak. This relation between stimu-
lated sulphate reduction rates and elevated methane
concentration is well known (e.g. Casper 1992).

The sulphate reduction rate maximum in the pock-
mark core was sufficient to deplete the available sul-
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phate in 4 d. Since re-oxidation is un-
likely at this sediment depth, there is
probably lateral replenishment of sea-
water by its entrainment in the upward 10 -
flux of low salinity water. This phenom-

enon 1s well known from entrainment € 20 4
observed in hydrothermal plumes at 230
=y
deep-sea vents (Humphris et al. 1995), §
as well as from methane seeps at shal- T 40
low water depths (Dando et al. 1994b). 50 P
i &

Evidence for this comes from the sud-
den rise in magnesium, sodium and 60
sulphate in the porewater above 30 cm

depth (Figs. 5A,C & 4B from the same

core). The chloride and sulphate pro- 0
files of the May 1994 sample (Fig. 2) do
not show such entrainments, as the
measurements were not made in the 20
same core. But entrainment as seen by
elevated concentrations of chloride and

L0

sulphate did occur in the pockmark
(Fig. 2B,F)
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dent with elevated methane concentra- g o £

tions (Fig. 3). However, the methane . 20 4 5

oxidation rate seemed to be indepen- E F | ® /B/

dent of the methane concentration. ] 30 1 i ‘ !

This disagrees with findings at me- 8 40l 4 B}

thane seeps in the Skagerrak, where J

an increase of the methane oxidation 50 1 o c '

rate was clearly related to an increase 60 - | £

in methane concentration (Bussmann
1994). One explanation for the unusual
behaviour of the methane oxidation

Fig. 5. Depth profiles in control (O) and pockmark (e} cores for (A) sodium,
(B) calcium, (C) magnesium, (D) ratio of calcium to magnesium, (E) ratio of

sodium to magnesium, (F) ratio of sulphate to magnesium. Note: this was the

rate in this study may be the decline in

salinity. At the sediment surface, the

salinity is still ca 10 ppt, but at a depth

of 20 cm it is approaching 1 ppt, corresponding to a
chlorosity of 165 and 20 mM, respectively (Fig. 2). Also
the high variability of the methane oxidation rate
(among the 2 parallel cores, as well as within each
core) is remarkable. This variability is restricted to the
region below 20 cm. The methane concentrations and
the methane oxidation rate in the upper sediment
seemed to be reasonable, therefore the variability in
the deeper layer is considered to be real and not an
artifact. One explanation may be a very high spatial
variability of some regulating factors, e.g. salinity.
Another aspect may be related to how fast the bacter-

same core as in Fig. 4

Table 1. Integrated values of the methane oxidation rate
(with 2 replicates a and b) and the sulphate reduction rate
over integrated sediment depths of 35 and 50 cm

Integrated methane
oxidation rate
(mmol m2d™)

Integrated sulphate
oxidation rate
(mmol m~2d)

35 cm 50 cm 35 cm
Pockmark a 4.06 6.78 33.1
Pockmark b 1.13 3.52
Control a 0.13 0.28 16.0
Control b 0.13 0.30
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Fig. 6. lon concentrations in interstitial water samples from the pockmark core:
{A) ratio of sodium to magnesium, (B) ratio of calcium to magnesium

ial population can adapt to new situations: even after
the chemical parameters are stable, the bacteria may
still trying to cope with a the new situation, which is
reflected in strong variability. More detailed investiga-
tions are necessary to clarify this aspect.

For bacteria of the water column it is known that in
estuaries the mixing of freshwater with marine water
causes bacterial counts and heterotrophic activity to
decrease (Valdés & Albright 1981). The process here is
that marine bacteria are being exposed to groundwater.
For the sulphate-reducing bacteria present, the impact
of the groundwater discharge may be especially severe
since the concentration of their electron acceptor is low-
ered by dilution. In this context, it is important to know
the mixing rate of the discharging groundwater and the
marine porewater. If it occurs over a short time span
(hours), halophobic bacteria may die, while a slow
mixing rate (days) would allow the development of
halotolerant species without an overall decrease in bac-
terial abundance (Painchaud et al. 1995). Sediment
bacteria of the seep are exposed to changes in salinity
at regular intervals (Bussmann & Suess 1998). There-
fore, it can be assumed that a population of halotolerant
sulphate reducers and methane oxidizers has been
established. Another possibility is the coexistence of
populations of halophile (marine) and non-halophile
{limnic) bacteria alternating between active and dor-
mant states. For sulphate reducers this would suggest 2
populations being adapted to high or low concentra-
tions of their electron acceptor (Ingvorsen & Jergensen
1984, Bussmann & Reichardt 1991).

Aerobic methane oxidizing bacteria are classified
into 2 main groups (Type I and II), mainly based on 16S
rRNA sequencing (Brusseau et al. 1994). Some authors
relate this assignment also to an ecological differentia-
tion (Starostina et al. 1994). The activity of Type I is
assumed to be the normally predominant r-strategist.
Type I, as a K-strategist, is supposed to take over
under unfavourable conditions. However, it is not

30 40 S0
Mg™* [mM]

known whether these unfavourable
conditions may also be induced by
yd salinity stress. Until recently little has
been known about the bacteria medi-
ating anaerobic methane oxidation;
they have not been isolated or identi-
fied so far. Experiments with specific
inhibitors have not brought much
clarification (Alperin & Reeburgh
1985). The most recent suggestion is a
consortium of sulphate-reducing and
methane-producing bacteria (Hoehler
et al. 1994, Hansen et al. 1998). The
way in which such a consortium
would be influenced by changes in
salinity remains speculative.

CONCLUSION

A comparison between a pockmark site with
groundwater seepage and a control site revealed
higher microbial activities of methane oxidation, sul-
phate reduction, as well as mats of sulphur oxidizing
bacteria at the seep site. This elevated bacterial activ-
ity did not lead to higher densities of macrofauna or the
presence of any symbiotic associations at the seep site.
The pockmark site is an environment of high complex-
ity. This complexity is revealed by the different
responses of the investigated parameters to the
groundwater discharge and by the change of porewa-
ter profiles at different sampling dates. Especially for
methane and sulphate the porewater profiles at the
seep site were influenced by groundwater seepage
overlain by general seasonal variations.
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