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a b s t r a c t

Spatial and seasonal variations of sulphate, dissolved organic carbon (DOC), nutrients and metabolic
products were determined down to 5 m sediment depth in pore waters of intertidal flats located in NW
Germany. The impact of sediment permeability, pore water flow, and organic matter supply on deep pore
water biogeochemistry was evaluated. Low sediment permeability leads to an enrichment of reminer-
alisation products in pore waters of clay-rich sediments. In permeable sandy sediments pore water
biogeochemistry differs depending on whether tidal flat margins or central parts of the tidal flat are
studied. Pore water flow in tidal flat margins increases organic matter input. Substrate availability and
enhanced temperatures in summer stimulate sulphate reducers down to 3.5 m sediment depth. Sul-
phate, DOC, and nutrient concentrations exhibit seasonal variations in deep permeable sediments of the
tidal flat margin. In contrast, seasonal variations are small in deep pore waters of central parts of the sand
flat. This study shows for the first time that seasonal variations in pore water chemistry are not limited to
surface sediments, but may be observed down to some metres depth in permeable tidal flat margin
sediments. In such systems more organic matter seems to be remineralised than deduced from surface
sediment studies.

� 2008 Elsevier Ltd. All rights reserved.

1. Introduction

In coastal areas tidal flats are subdivided into sand flats, mixed
flats, and mud flats according to their sediment composition. Sand
flats have the highest sand contents, whereas mud flats show
elevated clay contents, and mixed flats represent an intermediate
type. In general, clay-rich sediments have higher porosities
than sandy sediments. However, smaller pores and the lack of
interconnection in clayey sediments may significantly restrict pore
water diffusion and microbial mobility compared to sandy
sediments (Chapelle and Lovley, 1990). The permeability of sand
facilitates advective pore water transport in contrast to muddy
sediments where processes are dominated by diffusion. Due to the
enhanced input of organic matter and oxygen by advective
processes at the sediment surface, sand flats with low organic
carbon contents often show rates of organic matter remineralisa-
tion comparable to those of organic-rich muds (Rusch et al., 2006).

Rates of organic matter remineralisation further depend on the
availability and quality of the organic substrate as well as on the

availability and reactivity of electron acceptors. Oxidation of
organic matter in sediments is coupled to the depletion of electron
acceptors. Aerobic respiration is followed by nitrate reduction,
reduction of Mn and Fe oxides, sulphate reduction and finally
methanogenesis (Froelich et al., 1979). Sulphate reduction forms
the dominant pathway of anaerobic carbon oxidation in most
marine sediments (Jørgensen, 1982) and has been identified as
important pathway in tidal flat sediments as well (Böttcher et al.,
2000; Kristensen et al., 2000; Gribsholt and Kristensen, 2003;
Weston et al., 2006).

Spatial and seasonal variations in pore water chemistry of
surface tidal flat sediments were studied in several contributions
(Kristensen et al., 1997; Gribsholt and Kristensen, 2003; Magni and
Montani, 2006; Sakamaki et al., 2006; Serpa et al., 2007). Variations
in temperature, in deposition of organic material, and in macro-
benthos activities lead to seasonal pattern in nutrient pore water
concentrations (Magni and Montani, 2006). Spatial variations in
pore waters of deep sediments have, however, remained widely
unknown. To our knowledge, studies on seasonal variations similar
to those in sediment surfaces have never been performed in deeper
subsurface layers of tidal flat sediments.

The present study extends the knowledge about spatial and
seasonal porewater variations to sediment depths of up to 5 m. The
impact of sediment permeability, pore water flow, and organic
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matter supply on porewater biogeochemistry will be evaluated.We
hypothesise that at permeable tidal flat margins enhanced surface
and deep pore water exchange and thus supply of organic matter
lead to enrichments of remineralisation products compared to
central parts of a sand flat. The enrichments are expected to be
comparable to those in less permeable mixed flat sediments. We
further hypothesise that enhanced pore water flow leads to
seasonal variations in the deep pore water biogeochemistry in
permeable sediments of tidal flat margins.

2. Materials and methods

2.1. Study area

The Wadden Sea is a large tidal flat area located in the Southern
North Sea and extending for almost 500 km between Den Helder
(Netherlands) and Skallingen (Denmark). The boundary between
the North Sea and the Wadden Sea is formed by a chain of barrier
islands separated by tidal inlets. In the backbarrier area of these
islands, tidal flat areas extend between the coastline and the
islands. The backbarrier area of each island is characterised by
a tidal channel system consisting of large main channels and
smaller secondary channels. The study area is characterised by
semi-diurnal tides and a tidal range of 2.6 m (Flemming and Davis,
1994).

Our study was carried out in the backbarrier area of Spiekeroog
Island, which is one of the East Frisian Islands in NW Germany
(Fig. 1). The backbarrier area is composed of several tidal flats
divided by tidal channels. The tidal flats differ in their sediment
composition and their exposure time during low tide. Pore water
studies were conducted on two intertidal flats: Janssand (JS) and
Neuharlingersieler Nacken (NN). During high tide the JS tidal flat is
covered by 1–2 m of water. During low tide it becomes exposed to
the atmosphere for approximately 6 h, depending on tidal range
and wind direction. Due to the shorter distance to the coastline and
the lower altitude of the tidal flat, the NN tidal flat is only exposed
for about 4 h during low tide. Sampling was carried out at three
locations on the JS tidal flat (JS1: 53� 44.1830 N, 007� 41.9040 E; JS2:
53� 43.9620 N, 007� 41.2830 E; JS3: 53� 43.8440 N, 007� 40.8730 E)
and at two locations on the NN tidal flat (NN1: 53� 43.2440 N, 007�

43.7370 E; NN2: 53� 43.0800 N, 007� 43.7060 E). The locations are
numbered according to their distance from the tidal flat margin,
with number 1 being closest to the tidal creek. The distance
between sites JS1 and JS2 is 800 m, while site JS3 is located 500 m
southeast of site JS2. At low tide the distance between the sampling
location JS1 and the water line is approximately 70 m and the
difference in altitude amounts to about 1.5 m.

2.2. Pore water sampling

Pore water was extracted using in situ samplers described in
more detail in Beck et al. (2007). The samplers remained perma-
nently installed in the sediment to allow porewater sampling at the
same location over time spans of 1 year or longer. Briefly, the
sampler consists of a pipe with holes drilled into the pipe walls
serving as sampling orifices. The sampling ports are linked to
sampling devices located at the sediment surface by PTFE (Teflon)
tubings. At the top of the sampler PE (polyethylene) syringes are
connected to the sampling system to extract pore water from the
sediment. Pore water sampling is conducted at 20 different depths,
with the upper metre sampled in higher resolution (0.05 m, 0.07 m,
0.10 m, 0.15 m, 0.20 m, 0.25 m, 0.30 m, 0.40 m, 0.50 m, 0.75 m) than
deeper sediment layers (1.0 m, 1.25 m, 1.5 m, 2.0 m, 2.5 m, 3.0 m,
3.5 m, 4.0 m, 4.5 m, and 5.0 m). Depending on sampling depth and
diameter of the PTFE tubes, different volumes of pore water were
discarded before taking samples for analyses.

Pore water sampling was carried out from April 24th until April
26th 2006 on JS and NN tidal flats to compare pore waters of sand
and mixed flats. In order to study seasonal variations in pore
waters, samples were taken on the JS tidal flat throughout 1 year.
The time interval between consecutive sampling ranged from 3 to
9 weeks. On the JS tidal flat 12 sampling campaigns were conducted
at site JS1 from May 2005 to June 2006. At this site pore water was
always sampled after high tide at falling water level. At sites JS2 and
JS3 sampling campaigns started in July 2005, and 10 campaigns
were carried out until June 2006.

Pore water samples were analysed for nutrients (NH4
þ, PO4

3�,
H4SiO4), sulphate (SO4

2�), sulphide (H2S), dissolved organic carbon
(DOC), total alkalinity (TA) and chloride (Cl�). All samples were
immediately filtered through 1.2 mm GF/C filters which were pre-
heated to 400 �C prior to use. Samples for the analysis of nutrients,
TA, SO4

2�, and Cl� were stored in PE vials. Samples for DOC analyses
were stored in glass bottles and acidified by adding 1 ml HCl (6 M)
to 40 ml sample. PE vials were pre-rinsed with ultrapure water
prior to use, while all glass bottles were acid washed and rinsed
with ultrapure water. Samples were stored at 4–6 �C until
analysis. The analysis of nutrients was conducted within 1 day after

Fig. 1. Sampling locations on two intertidal flats situated in the backbarrier area of
Spiekeroog Island, Wadden Sea, Germany. Pore water sampling locations are marked
by dots, location numbers increase with increasing distance to the tidal creek.
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sampling. For the determination of H2S a certain volume of sample,
depending on the expected H2S concentration, was added to 5 ml of
a 10 mM Cd-acetate solution immediately after sampling.

At site JS1 pore water temperatures were continuously
measured at different sediment depths using a permanently
installed system equipped with Pt 100 sensors (Ahlborn, Munich,
Germany). The temperature measuring systemwas installed at site
JS1 in September 2005.

2.3. Sediment sampling

Adjacent to the pore water samplers, sediment cores were
collected in April 2005. An aluminium tube with a diameter of 8 cm
was driven into the sediment by vibro coring. At sites JS2 and JS3
the aluminium tube could only be driven to depths of about 2.5 m
due to underlying compacted sands. Sampling of the sediment core
was carried out depending on visible lithological changes.
Additional drillings were conducted in central parts of the JS tidal
flat using a percussion coring tube.

2.4. Pore water analysis

Photometric methods were used to determine NH4
þ, PO4

3�,
H4SiO4 (Grasshoff et al., 1999) and total alkalinity (Sarazin et al.,
1999). SO4

2� was analysed by ion chromatography (Dionex DX 300)
at 250-fold dilution. A multi N/C 3000 analyser (Analytik Jena) was
used for the analysis of DOC by temperature catalytic oxidation. Cl�

was determined by micro titration (100 ml sample, 5 ml ultrapure
water and 100 ml of a K-chromate/-dichromate indicator) with a 0.1
mM AgNO3 solution. For the analysis of H2S the solution containing
the yellow CdS precipitate was filtered through 0.2 mm syringe
filters. After rinsing the filter with 5 ml 1% (v/v) formic acid and
10 ml ultrapure water, the yellow precipitate on the filter was
dissolved by 10% HCl (v/v). Cd was analysed by FAAS (Perkin Elmer
AAS 4100) and the H2S concentration in the samples was calculated
based on CdS stoichiometry. Precision/accuracy were 3%/�5.3% for
sulphate, 2.4%/1.9% for DOC, and 0.4%/�0.1% for chloride. Nutrient
analyses were performedwith precision/accuracy of 5.6%/�2.5% for
alkalinity (at 2.5 mM), 5.1%/�3.0% for NH4

þ (at 1 mM), 4.8%/1.2% for
PO4

3� (21 mM), and 4.1%/2.7% for H4SiO4 (at 142 mM).

2.5. Sediment analysis

Sediment samples were freeze-dried and homogenised in an
agate mill. All samples were analysed for the major elements Si and
Al by XRF using a Philips PW 2400 X-ray spectrometer. A total of
600 mg of sample were mixed with 3600 mg of a mixture of
di-lithiumtetraborate/lithiummetaborate (50% Li2B4O7/50% LiBO2),
pre-oxidised at 500 �Cwith NH4NO3 (p.a.), and fused to glass beads.
Total carbon (TC) was determined using a CS 500 IR analyser (Eltra,
Neuss, Germany), while total inorganic carbon (TIC) was analysed
coulometrically by a CM 5012 CO2 coulometer coupled to a CM 5130
acidification module (UIC, Joliet, USA). Total organic carbon (TOC)
was calculated as the difference between TC and TIC. Analytical
precision and accuracy were better than 5% for sediment analyses.

3. Results

3.1. Sediment geochemistry

In the backbarrier area of Spiekeroog Island sand flats dominate
towards the barrier islands, whereas mixed flats with higher clay
contents are located closer to the mainland coast (Flemming and
Ziegler, 1995). The sediment parameters SiO2, Al2O3, and TOC
were chosen to roughly describe sediment geochemistry as they

document relevant sediment components like sand, clay, and
organic matter (Fig. 2).

Higher amounts of coarse-grained quartz are reflected by
enrichments in SiO2, whereas higher contents in clay are charac-
terised by enrichments in Al2O3. The SiO2 content can be used to
differentiate between sand, mixed, and mud flats (Dellwig et al.,
2000): sand flat SiO2 >80%, mixed flat SiO2 65–80%, and mud flat
SiO2 <65%. In the upper metre of the sediment SiO2 contents are
>80% at all sites. Additional drill cores using a percussion coring
tube revealed that sandy sediments dominate down to 5 m depth
close to site JS2, and down to approximately 3 m near site JS3 (data
not shown). Close to the tidal flat margin, sandy and clayey layers
alternate at depths exceeding 1.5 m. TOC contents are low in central
parts of the tidal flat compared to site JS1 where higher TOC
contents are found, especially in clay layers. In the NN tidal flat clay
and TOC contents are comparable to those determined at site JS1. In
general, the NN tidal flat can be described as mixed tidal flat,
whereas the JS tidal flat is a sand flat, except for the tidal flat margin
where clay layers are encountered.

3.2. Spatial variations

To evaluate the influence of sediment permeability and pore
water flow on deep pore water biogeochemistry, pore waters were
studied in sand and mixed flats (Fig. 3). Chloride concentrations
remain almost constant at sites JS1 and JS2, whereas at the
remaining sites a slight decrease with depth is observed. The
minimum chloride concentration corresponds to a salinity of about
27. Especially at NN locations, this may signify the influence of
intruding fresh waters from the hinterland via aquifers. Close to the
sediment surface sulphate is determined at a level almost equiva-
lent to sea water concentrations. The depth where sulphate con-
centration decreases differs depending on location. At site JS2
sulphate does not decrease with depth, whereas a small decrease is
observed at site JS3. At site JS1 the most intense sulphate depletion
occurs below 3.5 m. In the mixed flat sulphate decreases more
strongly with depth than in the sand flat. Sulphide is present in
concentrations in the mM range in central parts of the JS tidal flat. In
contrast, sulphide concentrations reach up to 5.6 mM and 8.2 mM
at sites JS1 and NN2, respectively. Products of organic matter
remineralisation, such as DOC, NH4

þ, PO4
3�, H4SiO4 and TA, increase

with depth at all sites. However on the JS tidal flat these increases
are smaller and/or occur at greater sediment depths compared to
the NN tidal flat.

3.3. Seasonal variations

At site JS1 sulphate shows a stronger depletionwith depth in the
summer months June, July, and August 2005 compared to the
following months (Fig. 4). This enhanced depletion in sulphate is
observed down to 3.5 m depth. In autumn and winter 2005
sulphate concentrations increase again to a level slightly below the
sea water value in this depth range down to 3.5 m. To evaluate
whether the sulphate depletion in summer 2005 is due to dilution by
fresh water or to microbial removal, sulphate concentrations were
normalised for changes in chloride concentrations according to:

DSO2�
4 ¼ �

SO2�
4

�
measured�

��
Cl�

�
measured$

�½SO2�
4 �=½Cl���sea water

�

where [SO4
2�]measured and [Cl�]measured are the pore water concen-

trations of SO4
2� and Cl�. The molar ratio of Cl� to SO4

2� in surface
sea water is 19.33. Negative values of DSO4

2� indicate that low
sulphate concentrations are due to selective removal of sulphate,
for example by sulphate reducers. Except in surface sediments,
DSO4

2� indicates that sulphate is consumed by sulphate reducers
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(Fig. 5). DSO4
2� further shows the highest sulphate depletion in

summer 2005. Temporal patterns of the remineralisation products
DOC, TA, and to a smaller extent NH4

þ and PO4
3� reflect the seasonal

changes in sulphate depletion (Fig. 4). H4SiO4 exhibits small
changes with season.

In contrast to site JS1, almost no seasonal variations are
observed at site JS2 in central parts of the tidal flat (Fig. 6). The
depth profiles of all species remain quite constant within 1 year.
DSO4

2� exhibits slightly negative values indicating that sulphate
reduction occurs to a small extent, however does not show any
seasonal patterns (Fig. 5). Site JS3 exhibits little seasonal variations
as well (data not shown).

At site JS1 pore water temperatures vary with season from 2 to
19 �C at 1 m sediment depth, from 4 to 16 �C at 2 m depth, and from
8 to 12 �C at 5 m depth (Fig. 7). Temperature variations are signif-
icant in the upper metres of the sediment reflecting temperature
pattern of the overlying water column. At 5 m depth seasonal
temperature changes are comparably small.

4. Discussion

4.1. Comparison of sand and mixed flat

Clay and TOC contents are higher in the mixed flat sediments,
especially at depths exceeding 1 m, compared to sediments in the

central parts of the sand flat. This difference in sediment compo-
sition has an impact on pore water exchange processes which
influence organic matter supply, microbial activity, and thus pore
water biogeochemistry. Porewater exchange processes are reduced
in clay-rich layers where small pores hamper pore water diffusion
and advection. Clayey sediments have higher porosities than sandy
sediments, but at the same time reduced hydraulic conductivity as
a result of increased tortuosity. Reduced pore water exchange
processes lead to longer residence times of pore waters in clay-rich
layers. The enrichment of remineralisation products such as
nutrients and DOC in the mixed flat compared to the sand flat is
thus likely due to slow porewater exchange rates (Fig. 3). Increased
microbial activities are unlikely to explain the lower sulphate and
higher nutrient concentrations in the deep clay-rich sediment
layers in the mixed flat compared to the sand flat. In clay layers
bacterial activities are lower compared to coarse grained
sediments, even when cell numbers are in the same range (Phelps
et al., 1989; Chapelle and Lovley, 1990).

In permeable JS margin sediments, organic matter is continu-
ously supplied to sediments by advective pore water flow (Huettel
and Rusch, 2000; Billerbeck et al., 2006; compare Section 4.2). This
leads to nutrient and DOC enrichments comparable to those of
sediments with higher clay contents (Fig. 3). The tidal flat margin
sediments further exhibit clay-rich layers at depths exceeding 4 m,
where enrichments of remineralisation products are seen due to

Fig. 2. SiO2, Al2O3, and TOC contents of sediment cores taken at locations close to the pore water samplers in the sand flat area (JS1–JS3) and in the mixed flat area (NN1, NN2).
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low sediment permeability. In contrast, in central parts of the JS
tidal flat where clay contents are lowand little advective porewater
flow is induced because of a missing hydraulic gradient, concen-
trations of remineralisation products are low. These findings are in
accordance with Rusch et al. (2006) who suggested that in per-
meable sandy sediments decomposition rates of organic matter
exceed those of organic- and clay-rich sediments when micro-
organisms are supplied with organic substrates by advective pore
water flow.

4.2. Comparison of tidal flat margin and central parts

Sediment geochemistry reflects several changes between sand-
and clay-rich layers at site JS1, whereas sandy sediments dominate
in the central area (Fig. 2). Changes between sand and clay layers
are typical features of sand flat margins where narrow tidal creeks
drain towards the creekbank. Especially at intertidal point bars,
clayey aggregates may be deposited during high tide. When current
velocities in the open water column increase after high tide these
aggregates are covered by sandy sediment. In general, the deposited
material is not remobilised during the following high tide.

Regarding tidal flat margins in our study area, Billerbeck et al.
(2006) proposed two pore water circulation processes: (1) rapid
‘skin circulation’ through the upper centimetres of the sediment
characterised by short flow paths and short pore water residence
time; and (2) slow ‘body circulation’ through deeper layers of
the sediment described by long flow paths and long pore water

residence times. Surface and deep pore water circulation pathways
are shown schematically in Fig. 8 according to Billerbeck et al.
(2006) and Wilson and Gardner (2006).

‘Skin circulation’ results from pressure gradients which are
generated during inundation of tidal flats by the interaction of
bottom currents with protruding sediment structures like ripples
(Huettel et al., 1996; Huettel and Rusch, 2000). This type of circu-
lation at the sediment surface forms an effective mechanism for
organic matter input into permeable sandy sediments with low
organic carbon content (Huettel et al., 1996; Huettel and Rusch,
2000; Rusch et al., 2001). At site JS1 surface sediments exhibit
ripple structures enhancing pore water circulation processes in the
upper decimetre of these sediments.

‘Body circulation’ is generated in permeable sediments by the
hydraulic gradient between the sea water level in the tidal creek
and the pore water level in the sediment during low tide (Wilson
and Gardner, 2006). The hydraulic gradient induces deep pore
water flow which is directed towards the tidal creek. Pore water
flow velocities are highest in sediments close to the low tide water
line in the tidal creek. Deep pore water flow is not limited to
sediments located above the low tide water line. Pore water
exchange may occur in depths exceeding the low tide water line as
well depending on the equipotential lines in the study area (Wilson
and Gardner, 2006).

The geochemistry of the sediment core taken at the tidal flat
margin shows predominantly sandy sediments down to 3.5 m depth
(Fig. 2). High Al2O3 contents between 1.8 and 2.6 m, indicating

Fig. 3. Chloride, sulphate, sulphide, nutrients, total alkalinity, and DOC pore water concentrations determined at three locations in a sand flat area (JS1–JS3) and at two locations in
a mixed flat area (NN1, NN2) in April 2006.
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clay-rich layers, are due to very thin clay layers or lenses embedded
in a sandy matrix. In our study area, permeable sediments thus
permit deep pore water flow down to 3.5 m depth which enhances
water exchange processes in these margin sediments. The
continuous replenishment of the organic matter pool by pore water

exchange processes stimulates micro-organisms and leads to an
enrichment of remineralisation products in creekbank sediments
compared to sediments in central parts of the tidal flat (Fig. 8).

The depletion in sulphate and enrichment of remineralisation
products at depths exceeding 3.5 m at site JS1may further be due to

Fig. 4. Seasonal variation of sulphate, DOC, total alkalinity, and nutrients in pore waters at site JS1 close to the tidal creek. Samples were extracted at the same location from May
2005 until June 2006. Data are interpolated according to Kriging using the program Surfer. Black dots indicate sample positions.
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the displacement of the tidal flat margin. Within the past 14 years
the tidal flat margin moved about 100 m towards the east (B.W.
Flemming, pers. comm.) suggesting that site JS1 formerly was
located closer to the low tide water line in contrast to its present
position. In the study area margin sediments, especially those close
to the low tide water line, are microbially very active and charac-
terised by high pore water nutrient concentrations in the upper
decimetres of the sediment (Billerbeck et al., 2006). The displace-
ment of the tidal flat margin further indicates that new sediment
material is permanently deposited at the creekbank. When
sedimentation rates are high, the organic matter incorporated in
the deposited material may form a carbon source in deep sediment
layers.

4.3. Seasonal variations

Enhanced pore water circulation processes at tidal flat margins
compared to central parts of the tidal flat have an impact on pore
water biogeochemistry on seasonal time scales as well. The impact
of seasonal temperature changes depends on the supply of organic
matter into the sediments. Several micro-organisms that hydrolyse,
ferment, and terminally oxidise organic compounds mediate
organic matter remineralisation in anoxic sediments (Alperin et al.,
1994). Hence, the decomposition of organic matter is controlled by
a community of micro-organisms, where the end product of one
step serves as substrate for another. After hydrolysis of complex
organic compounds, fermentative micro-organisms are able to
degrade mono- and polymers into short chain carbon molecules,
e.g. acetate or lactate, which are preferred by sulphate reducers
(Sørensen et al., 1981; Köpke et al., 2005; Finke et al., 2007). At site
JS1 the organic matter pool in the sediment is replenished due to
advective pore water flow at the sediment surface and in deeper
sediment layers (Huettel et al., 1996; Billerbeck et al., 2006). This
results in a higher availability of organic matter for micro-
organisms compared to site JS2 (Fig. 3).

In the study area, pore water temperatures show significant
changes in the upper metres of the sediment within 1 year (Fig. 7).
Hydrolysis rates and activities of fermentative micro-organisms are
enhanced at higher temperatures resulting in higher concentra-
tions of metabolisable organic carbon in summer months (Sansone
and Martens, 1982; Mayer, 1989; Alperin et al., 1994; Arnosti et al.,
1998; Jahnke et al., 2005). The activity of sulphate reducing bacteria
increases with increasing temperatures in the sediment as well
leading to higher sulphate reduction rates in warm summer
months (Vosjan, 1974; Crill and Martens, 1987; Kristensen et al.,
2000; Koretsky et al., 2003). At tidal flat margins the increased
supply of metabolisable organic carbon may further stimulate
sulphate reducers (Sansone and Martens, 1982; Pallud and Van
Cappellen, 2006). In the study area sulphate reduction rates are
highest in the first few centimetres of the sediment, but still remain
high at 1 m depth and are even detectable in deep layers of 5 m
depth (Wilms et al., 2006). Thus, the enhanced availability of
substrate and the higher temperatures in summer likely increase
sulphate reduction rates even down to 3.5 m depth (Fig. 5). This
may lead to the stronger depletion of sulphate in summer 2005
compared to the following months (Fig. 4). In 2006 a decrease in
sulphate concentration is not observed in deep sediment layers
until the end of the sampling campaign. This may be due to an
earlier increase in surface water temperature, measured at the
monitoring station, in spring 2005 compared to 2006. The phyto-
plankton bloom thus supposedly occurred earlier in spring 2005
compared to 2006 resulting in a differing supply of organic matter
into sediments. However, there is little knowledge about how long
it will take to transport organic matter introduced into the
sediment surface during the breakdown of an algae bloom to
sediment depths of about 3 m.

Increased microbial activities and higher remineralisation rates
of organic matter during the summer months 2005 are also
reflected in increased concentrations of the degradation products
DOC, NH4

þ, PO4
3�, and TA (Fig. 4). Seasonal pattern of NH4

þ, PO4
3�, and

TA reflect seasonal changes in sulphate because organic matter is

Fig. 5. Seasonal pore water changes of sulphate normalised for changes in chloride concentration at sites JS1 and JS2 (note different scales). Negative values of DSO4
2� may indicate

the removal of sulphate by bacteria. Black dots indicate sample positions.
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mineralised by sulphate reduction in deep sediment layers. Sea-
sonal variations of H4SiO4 are less pronounced than those of NH4

þ,
PO4

3�, and TA. The latter species are released during organic
matter degradation, whereas H4SiO4 is mainly released during
dissolution of diatom shells. In contrast to site JS1 where concen-
trations vary with season, seasonal pattern point towards constant

environmental conditions at site JS2 (Figs. 4–6). This may be due to
small changes in organic matter supply, which probably result from
very slow pore water flow in central areas.

The increase in sulphate concentration in sediment depths
down to 3.5 m at site JS1 after September 2005 can either be caused
by re-oxidation of sulphide produced during sulphate reduction or

Fig. 6. Seasonal variation of sulphate, DOC, total alkalinity, and nutrients in pore waters at site JS2 in central parts of the tidal flat (note different concentration scale compared to
Fig. 4). Samples were extracted at the same location from July 2005 until June 2006. Data are interpolated according to Kriging using the program Surfer. Black dots indicate sample
positions.
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by pore water advection replenishing the sulphate pool (Fig. 4).
Oxidation of sulphide has been described in marine sediments
(Fossing and Jørgensen, 1990; Thamdrup et al., 1994), however
most of the sulphides precipitate as FeS and FeS2 if reactive iron is
present (Howarth and Jørgensen, 1984; Moeslund et al., 1994). At
our study site the grey and black colour of the sediment gives
evidence of FeS and FeS2 precipitation. Thus, oxidation of H2S
presumably is of minor importance to replenish the sulphate pool.
In contrast, a replenishment of the sulphate pool by pore water
advection is very likely. In our study area, the pore water reservoir
at the tidal flat margin is either replenished by pore water origi-
nating from central parts of the tidal flat or by sea water introduced
into the sediment due to tidal pumping at a distance of some 100 m
afar from the low tide water line.

The hypothesis of Billerbeck et al. (2006) that biogeochemical
processes in tidal flat margin sediments are influenced by two pore
water circulation processes is based on pore water studies
conducted in the upper 20 cm of the sediment. By the results
gained in our study in deep pore water systems we confirm their
hypothesis that processes in permeable tidal flat margins are

controlled by advection in subsurface sediments. By means of
seasonal studies we present evidence that deep pore water flow
occurs in permeable tidal flat margins. The conclusion that pore
water biogeochemistry at the JS tidal flat margin is influenced by
advection implies that remineralisation processes are probably
even faster than deduced from temporal changes in pore water
biogeochemistry.

5. Conclusions

The degree of seasonal concentration changes depends on
organic matter supply. At tidal flat margins organic matter is
supplied by advective pore water exchange at the sediment surface
and in deep sediment layers. The substrate availability influences
microbial activity. Seasonal temperature variations, which are
observed down to some metres depth, further affect microbial
activity. Pore water exchange, organic matter supply, and temper-
ature thus are key factors explaining seasonal patterns at site JS1. In
contrast to creekbanks, little organic matter is freshly supplied into
the organic-poor sandy sediments of central parts of the tidal flat.

Fig. 7. Pore water temperatures measured at 1 m, 2 m, and 5 m sediment depth at site JS1 and sea water temperatures measured at the monitoring station in the tidal inlet between
Spiekeroog and Langeoog Island.

Fig. 8. Summary of hydrological, geochemical, and biological factors influencing pore water biogeochemistry in the Janssand tidal flat. JS1, JS2, and JS3 mark the locations of the
pore water samplers, arrows indicate suspected pore water flow (adapted from Billerbeck et al., 2006; Wilson and Gardner, 2006).
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Differences in pore water flow and organic matter supply thus lead
to differences in pore water biogeochemistry at tidal flat margins
and central parts of the tidal flat. Smaller seasonal changes
compared to site JS1 suggest a seasonally less fluctuating supply of
substrates and/or less pore water flow in central parts. Sampling
campaigns on the NN mixed flat support this conclusion.

The impact of pore water advection, organic matter supply,
and temperature regime on pore water biogeochemistry has been
documented for surface sediments. However, this study
presents first evidence that these parameters are important for
deep intertidal flat biogeochemistry as well. This study further
shows for the first time that seasonal variations in pore water
chemistry are not limited to the sediment surface, but can be
observed down to 3.5 m depth at permeable tidal flat margins. In
such systems more organic matter may thus be remineralised than
estimated from surface sediment studies.
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