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ABSTRACT: Mats of algae are frequently washed inshore along the sandy beaches in the Kattegat after
storms and subsequently buried by sand deposition. Sediment cores were taken in May 1991 from one
such shallow subtidal area, from which gas bubbles were being released. The organic-rich layer was
less than 4 cm thick; it had extremely high sulphate reduction rates, up to 1.7 mm01 sulphate reduced
dm-3 d-'; high hydrogen, up to 100 pm01 dm-3; methane, up to 54 pm01 dm'3; and hydrogen sulphide
in excess of 1 mM. No macrofauna were found in this quicksand area and most of the meiofauna were
confined to the uppermost 2 cm. The only metazoan to occur below the 6 cm zone, and down to a depth
of at least 34 cm, was the nematode Sabatieria longispinosa. The anaerobic ciliate Trimyema sp. cf.
marinum and the anaerobic flagellate Hexamita sp. dom~natedthe highly reducing, organic-rich zone
at 2 to 6 cm depth; they also occurred below this zone together with a few specimens of Euplotes sp.

INTRODUCTION
Anaerobic decomposition of organic matter in
sandy sediment leads to the formation of a zone with
high concentrations of reducing compounds such as
hydrogen sulphide, methane and ammonia. The lack
of oxygen and the presence of hydrogen sulphide
result in the occurrence of a specialised infaunal
community (Fenchel 1969, Fenchel & Riedl 1970). On
many beaches the major organic input is of mats of
macroalgae blown inshore after being dislodged by
storms. Some of these mats degrade near the highwater mark whilst others are buried by sand forming
an organic-rich zone in the sediment. The rates of
breakdown and the ecology of macroalgal mats
washed up between the tidemarks have been the
subject of several studies (Koop et al. 1982, McLachlan 1985, McGwynne et al. 1988) but there is little
information on the ecology of algal mats buried
below the low-water mark.

During the study of a methane seep area (Dando et
al. 1993a, b) in May 1991 on a sandy beach at
Bangsbostrand, south of Fredenkshavn on the
Kattegat coast of Denmark, we found an area of yielding sand (quicksand) in the shallows from which gas
bubbles were released when pressure was applied to
the surface. Along this beach methane seeps to the surface in places from the deep reservoirs below this part
of the Kattegat (Jensen et al. 1992, Dando et al. 1993a).
We initially believed that the quicksand was due to the
saturation of the sand with methane seeping from
these underlying reservoirs; however, examination of
sediment cores from the quicksand showed that the
gas originated in a layer of decomposing algae buried
a few cm below the sediment surface. This paper describes the chemical and biological characteristics of
this organic-rich ephemeral zone which is common to
many beaches.

METHODS
'Present address: Department of Biology, University of Essex,
Colchester C 0 4 3SQ, United Kingdom
O Inter-Research 1993

Sediment sampling and chemistry followed previously described methods (Dando et al. 1991). For
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chemistry and fauna1 analysis, all the sediment cores
from the quicksand patch were taken within 1 m of
each other towards the centre of the approximately
1000 m2 area on 7 May 1991. The core positions are
shown in Fig. 1. Control cores were collected north of
the area of natural gas seepage at a similar distance
from the beach. Samples for chemistry and microbial
rate measurements and for meiofauna were collected
in translucent PVC tubes of 55 mm i.d. The cores were
extruded and sampled in 20 mm sections to a depth
of 34 cm for methane, hydrogen, ammonia, sulphate,
elemental sulphur, dissolved sulphide, thiosulphate,
sulphite, acid-labile sulphide, chromous reducible
sulphide, organic and inorganic carbon, nitrogen, pH
and Eh. Sulphate reduction and methane oxidation
rates were measured in subsamples taken from these
cores, and 10 m1 subsamples were taken for meiofauna
counts. Interstit~alwater was extracted and analysed,
sulphur species determined and sulphate reduction
rates measured on 4 m1 subcores taken from each
section. The sulphate reduction tubes were incubated
at the temperature of the sediment for 19 h and the end
products of reduction, So,FeS and FeS2, were reduced
to H2S and trapped in zinc acetate. Dissolved sulphide, sulphite and thiosulphate were reacted with
monobromobimane under argon and the derivatives
separated and determined by high-performance liquid

chromatography (HPLC; Newton et al. 1981). Sediment carbon and nitrogen contents were measured
using a CHN analyser (Verardo et al. 1990). Methane
and hydrogen were separated by gas chromatography
on a 2.15 m column of 13X molecular sieve, using
zero-grade nitrogen as carrier. The gases were detected using a Figaro TGS 71 1 solid-state detector.
Samples for protozoa were collected by pressing
30 cm long plastic cylinders, i.d. 45 mm, into the sediment. The core tubes had a vertical row of 1 mm diameter holes l cm apart. These holes were filled with
silicone rubber. On removing a tube from the sediment
it was stoppered at both ends and taken to the laboratory where 1 or 2 m1 samples of interstitial water were
removed by piercing the silicone plugs with a hypodermic needle. The ciliates were counted by removal
with a capillary pipette and identified under a dissection microscope.
Sediment subsamples from the cores collected for
sediment chemistry analysis were examined directly
under a dissecting microscope at 25x magnification for
'soft meiofauna organisms', i.e. gastotrichs, gnathostomulids and turbellarians. Other samples were fixed in
4 % formalin and stored for later examination for 'hard
meiofauna organisms', i.e. harpacticoid copepods,
kinorhynchs, nematodes, oligochaetes and ostracods.
These samples were treated as in Jensen (1983).

RESULTS
Site description

Fig. 1 Map (inset) and plan of site showing the position of the gassy,
organic-rich sediment observed in May 1991 and the location of the
sediment cores examined

The area studied at Bangsbostrand lies
5 km south of Frederikshavn on the
shores of the Kattegat (Fig. 1). On the
landward side a line of sand dunes separates the sandy beach from arable fields.
Seawards the beach is stabilised by 35 to
40 m long groynes constructed of boulders. The groynes were built at intervals
of approximately 80 m along the beach.
The area of quicksand studied was in a
subtidal area which was separated from
the sea by an exposed sand wave during
extreme low water (Fig. 1). It was 75 m
from the edge of the area of carbonatecemented sandstone deposits where
methane seeps occurred. At the time of
sampling, the sediment temperature was
8.1°C and the overlying water was
approximately 20 cm deep under low
More
descripWater
tions of the water and sand movements
and of the fauna in the intertidal and the
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shallow subtidal area off this beach are given elsewhere (Dando et al. 1993a. b).
Similar quicksand areas were found at the same water
depths elsewhere along the beach. When these areas of
sand were stepped on, or core tubes were pushed into
them, gas bubbles broke the surface. The gas had an offensive odour which was probably due to a con~bination
of butyric acid, hydrogen sulphide and organic sulphur
compounds. These areas of gas-charged sediment were
free of gas by the following October and were not present on this beach the following May. Such quicksand
areas are not uncommon on this part of the Kattegat
coast of Vendsyssel and on the beaches of the island of
Las0 in areas where mats of Laminaria spp., up to 15 cm
or more thick, are washed ashore after storms and often
buried by subsequent sand deposition.

Sediment chemistry
The parallel cores A1 & A2 from the gassy sediment
both showed a n organic-rich layer with an increased
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porosity at 2 to G cm depth (Fig. 2). A second minor
organic enrichment occurred at 14 to 16 cm, as shown
by slight increases in organic carbon and nitrogen and
water content. The 2 to 4 and 4 to 6 cm horizons were
of a fine black sand, below this the sand shaded to grey
and was coarser with shells. Inorganic carbon reached
a minimum of 0.02% of dry weight in the 4 to G cm
horizon, increasing to >0.?5% of dry weight below
this. Both cores showed very similar depth profiles for
hydrogen, methane, ammonia, sulphur species and
sulphate reduction rates (Figs. 3 to 6). Our initial
impression, that the gas in the sediment was methane
escaping from the interglacial and early Weischelian
deposits (Dando et al. 1993a), was not supported by the
methane profiles in the sediment (Fig. 3) or by analysis
of the gas. Collected gas samples contained a maximum of 30 % methane, in contrast to > 99 % methane in
gas samples from the methane seeps 75 m to the north
(Fig. l ) .
The sharp fall in pH and Eh (Fig. 7) in the 2 to 6 cm
horizon and the peak in sulphate reduction rates
(Fig. 6) indicated active fermentation of the organic

total N (% dry weight)

% water (wlv)

Fig. 2. Depth profiles of (a) organic carbon, (b) nitrogen and (c) water content in cores A1 ( m ) and A2 (cl) taken from the position
shown in the gassy sediment in Fig. 1; ( c )data from control cores collected north of the natural gas seep
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Fig. 3. Concentrations of ( a ) methane, (b) hydrogen and (c) ammonia in the sediment cores; symbols as for Fig. 2
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pronounced minimum at 3 to 5 cm depth
coinciding with the zone of intense sulphate reduction (Fig. 6a), again contrasting
markedly with the typical progressive depletion of sulphate with depth seen in
cores from elsewhere on the beach. The
sulphate reduction rates are minimum estimates since up to 80% of the 35S added
was reduced during the 19 h incubation
period. Sulphate depletion would have
limited the reduction rate in the sealed
thiosulphate (kg at S I-')
sulphide ( ~ atg S I")
subcores. There was a minor second peak
of sulphate reduction at 12 to 16 cm depth,
coinciding with a minor peak of organic
matter in the sediment. This second maximum was also demonstrated by a slight increase in acid-labile sulphide in this region in both cores (Fig. 5b).
Both ammonia (Fig. 3) and thiosulphate
(Fig. 4 ) were highest in the 0 to 2 and 6 to
8 cm horizons, just outside the region of
active fermentation. Neither thiosulphate
nor sulphite were detected (<0.1 pM) in the
cores from the control site. Elemental sulsulphite (wg at S I.')
sulphate (mgat S I-')
phur was high in the upper 2 cm of the
gassy sediment cores, peaked again at 4 to
Fig. 4 . Profiles of ( a ) sulphide, (b) thiosulphate, (c) sulphite and ( d ) sul6 cm and then tended to decrease with
phate in the interstitial water; symbols as for Fig. 2
depth, falling sharply in concentration below 18 cm (Fig. 5).
matter. Methane, hydrogen and hydrogen sulphide all
The high hydrogen concentrations, up to 276 pm01
peaked in this zone, showing very different profiles
dm-3 sediment, were in sharp contrast to the concentrations of 0.0 to 2.2 pm01 dm-3 measured in cores
from the control cores (Figs. 3 & 4). The concentration
collected from elsewhere on the beach in May. Simiprofile for methane indicated that it diffused both upwards and downwards from the 2 to 6 cm layer. Much
larly, the methane concentrations in the upper 10 cm
of the sulphide was precipitated as iron sulphide in the
of 3 cores taken away from the methane seepage and
organic-rich areas on the beach were in the range 0.5
organic-rich layer and oxidised to thiosulphate and
to 6.7 pm01 dm-3 sediment, compared to the 8.3 to
elemental sulphur both above and below this zone
54.1 pm01 dm-3 found in the upper 10 cm of sediment
(Figs. 4 & 5). Hydrogen was also rapidly consumed
away from the thin layer of active fermentation.
in the quicksand area. The pH of interstitial water from
The sulphate profiles (Fig. 4d) were un.usua1 with a
other sites on the beach did not fall below 7.40, in con-

So (pg atoms S dm'=)

ac~dlabile sulphide (mg at S dm")

chromous reducible sulphide (mg at S ~ I r n ' ~ )

Fig. 5. Profiles of (a) elemental sulphur, (b) acid-labile sulphide and (c) chromous reducible sulphide in the cores; symbols as
for Fig. 2
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upper layers of the sediment elsewhere in this region
(Dando et al. 1993b). Nematodes were the only metazoan inhabitants of the organic-rich zone, 2 to 6 cm
depth, and the few individuals found, 1 to 2 per 10 ml,
were species present in the upper 2 cm layer which
may have been dragged into the lower layer during
core collection. Below this zone there were only 2
species and densities were equally low. The nematode
Sabatieria Jongispinosa inhabited the sediment column
below this zone from 6 to 34 cm, the deepest layer
examined.
pg at S reduced dm" d-'

DISCUSSION

Fig. 6. Profiles of sulphate reduction rates in the cores;
symbols as for Fig. 2

trast to the minimum of 6.91 recorded here, again
emphasising the active fermentation. Sulphate concentrations reached a minimum of 1.9 mM in the interstitial water from the organic-rich layer compared to
minima in excess of 15 mM in the upper 10 cm of sediment from elsewhere on the beach at Bangsbostrand.
Protozoa
There were at least 12 species of ciliates present in the
upper 2 cm of sediment. This reduced to 2, of which 1
species, Euplotes sp., was represented by a single individual in the organic-rich zone at 2 to 6 cm depth. The
obligate anaerobic ciliate Trimyema sp. cf. marinum
dominated in this zone and was also the major species
below this depth (Table 1 ) .The Trimyema sp. resembles
T marinum (Karl)but differs with respect to the number
of kineties and other details (Augustin et al. 1987).The
organic-rich zone also harboured large (uncounted)
numbers of the anaerobic flagellate Hexamita sp.

Metazoa

.

0

5-

No macrobenthic species were
found. The meiofauna was largely
concentrated in the upper 2 cm of
the sediment. Harpacticoid copepods
were present in low numbers, 2 to 4
individuals per 10 ml, only in this zone
in both cores. There were 15 nematode species in the upper 2 cm layer
with an abundance of 72 individuals
per 10 ml. The dominant species were
Daptonema normandicum and Siqmophoranema
Both species are
diatom feeders and are confined to the

-

In both chemistry cores from the quicksand area
the molar concentration of hydrogen was 2- to 3-fold
greater than that of methane. The maximum concentration of hydrogen observed was 273 pm01 dm-3 sediment. High hydrogen concentrations are produced as a
by-product of carbohydrate and protein digestion by
anaerobic bacteria under high organic loading (Wohlin
1982).Under these conditions the low pH, due to rapid
acid production (Foree & McCarty 1970), inhibits the
activity of hydrogen-utilising methanogens. The pH
minimum in the cores corresponded to the hydrogen
maximum. Due to the coarse (2 cm) sections taken,
relative to the sharp gradients, it is probable that
the hydrogen concentrations were higher and the pH
lower in the most active layer. However, the minimum
pH actually measured was close to the known optima
for some methanogens growing on hydrogen and
carbon dioxide (Zehnder & Wuhrmann 1977). There
was an unmeasured volume of free gas in the upper
sediment layers. We were therefore unable to calculate
the dissolved concentrations of hydrogen and methane
present, since these, unlike hydrogen sulphide, were
measured in total sediment and not in extracted inter-
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Fig. 7. Profiles of (a) redox potential ( E h ) and (b) pH in the sediment cores;
symbols as for Fig. 2
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Table 1. Number of protozoa ml" sediment
Species

Sediment depth ( c m )
0-1

Pleuronema sp.
Cnsfigera sp.
Unidentified spp.
Aspidisca sp.
Trachelodyla sp.
Remanilla margaritifera
Unidentified sp. A
Tracheloaphis spp.
LoxophyLlum sp.
Chaenia sp.
Lacrymaria sp.
Euplotes sp.
Trimyema sp. c f . marinum

1-2

2-3

3-4

5-6

6-8

8-10

10-12

6
6

11
2

Total

stitial water. The dissolved concentration of hydrogen
in the interstitial water is therefore unknown.
The sulphate reduction maximum also corresponded
with the hydrogen maximum; hydrogen-utilising sulphate-reducing bacteria are as common as those utilising acetate in Kattegat sediments (Jsrgensen & Bak
1991).The reduction in thiosulphate in this zone is also
likely to be due to consumption by sulphate reducers.
With the greatly enhanced sulphate reduction rates in
the 4 to 6 cm zone, the depth-integrated values were
102 and 54 mm01 sulphate reduced m-3 sediment d-'
for Cores A1 & A2 respectively. These rates are higher
than for sediment cores elsewhere on this beach,
including the methane seepage zone, which were in
the range 1.1 to 17.1 mm01 sulphate reduced m-3 sediment d-' (Dando et al. 199313).
In both cores an ammonia minimum coincided with
the hydrogen maximum. This may represent ammonia
consumption by sulphate-reducing and methanogenic
bacteria. No equivalent minimum was observed in
cores from the control site.
The major oxidation product of sulphide, in both oxic
and anoxic sedirnents, is thiosulphate (Jsrgensen & Bak
1991).As with thiosulphate the other oxidation products
of sulphides, sulphite and elemental sulphur, accumulated particularly in the upper 2 cm of sediment. Sulphite reached a minimum concentration in the 10 to 14
cm horizon, corresponding with the Eh maximum zone
in the sediment core. We do not know the major route of
sulphite production in sediment. It is possible that it is
one of the products of anoxic oxidation of sulphides as
well as a product of sulphate reduction. The sulphite
profile does not mimic that of sulphide or of sulphate reduction. Sulphite was not detectable In the interstitial
water taken from the control cores.
Macrofauna and meiofauna are known to be reduced

in areas of buried seaweed, or in the littoral zone subject
to leachates of algal mats, due to toxicity by hydrogen
sulphide and other reducing compounds (McLachlan
1985, McGwynne et al. 1988).The present organic-rich
layer, however, forms a very suitable habitat for the
obligate anaerobic c h a t e Trimyema sp, cf. marinum. A
similar protozoan biota, almost entirely Trimyema spp.
and Hexamita spp., has been observed in anaerobic
batch cultures containing large amounts of fermenting
organic material with the accumulation of volatile fatty
acids (T. Fenchel unpubl.). Trimyerna species have
hydrogenosomes (organelles with a hydrogenase) and
the marine species do not harbour methanogenic endosymbionts. These ciliates are therefore assumed to
generate hydrogen. Based on the size and numbers of
this ciliate in our samples they could not have generated
more than 300 nmol H, dm-3 sediment h-* (see Fenchel
& Finlay 1992). Below the highly reducing fermentive
zone the metazoa were almost exclusively represented
by the nematode Sabatieria longispinosa, a species
known to penetrate deep in anaerobic sandy bottom
layers (Jensen 1987).
This study shows only one time frame in the environmental changes during the anaerobic degradation of
a buried algal mat. This habitat under the sand is
equivalent to that in an anaerobic digestor or a cow
rumen (Pavlostathis & Giraldo-Gomez 1991). Since the
first-order decay constant for anaerobic decomposition
of the biodegradable fraction of algae is of the order of
0.01 to 0.03 d-l (Foree & McCarty 1970) and stranded
kelp mats can decompose in 8 d (Koop et al. 1982),
such habitats are ephemeral, although recurring
several times a year in the Kattegat. They leave a sand
enriched in iron sulphides which can be utilised as
an energy source by bivalves with symbiotic sulphuroxidising bacteria such as Lucinoma borealis (Dando et
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al. 1986), whose shells frequently litter the beach at
Bangsbostrand.
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