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Abstract

Trace metals (Mn, Fe, Mo, U, Cr, V) were studied in pore waters of an intertidal flat located in the German Wadden Sea.
The study system is an example of a permeable tidal flat system where pore water exchange is affected by tidal driven pressure
gradients besides diffusion. Permanently installed in situ samplers were used to extract pore waters down to 5 m depth
throughout one year. The samplers were either located close to the tidal flat margin or in central parts of the tidal flat. Despite
dynamic sedimentological and hydrological conditions, the general trends with depth in deep tidal flat pore waters are remark-
ably similar to those observed in deep sea environments. Rates of trace metal cycling must be comparably large in order to
maintain the observed pore water profiles. Trace metals further show similar general trends with depth close to the margin and
in central parts of the tidal flat. Seasonal sampling revealed that V and Cr vary concurrent with seasonal changes in dissolved
organic carbon (DOC) concentration. This effect is most notable close to the tidal flat margin where sulphate, DOC, and
nutrients vary with season down to some metres depth. Seasonal variations of Mn, Fe, Mo, and U are by contrast limited
to the upper decimetres of the sediment. Their seasonal patterns depend on organic matter supply, redox stratification,
and particulate matter deposited on sediment surfaces. Pore water sampling within one tidal cycle provides evidence for pore
water advection in margin sediments. During low tide pore water flow towards the creekbank is generated by a hydraulic gra-
dient suggesting that deep pore waters may be seeping out of creekbank sediments. Owing to the enrichment of specific ele-
ments like Mn in pore water compared to sea water, seeping pore waters may have an impact on the chemistry of the open
water column. Mass balance calculations reveal that the impact of deep pore waters on the Mn budget in the open water col-
umn is below 4%. Mn deep pore water discharge of the whole Wadden Sea is estimated to be about 9% of the total dissolved
riverine Mn input into the Southern North Sea.
© 2008 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

Oxygen concentration of the overlying water and organ-
ic matter supply determines the extent of reducing condi-
tions in surface sediments. Oxygen is the primary oxidant
for the degradation of organic matter. Aerobic respiration
is followed by nitrate reduction, reduction of Mn and Fe
oxides/hydroxides, sulphate reduction and finally methano-
genesis (Froelich et al., 1979). Pore water concentrations of
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Mn?" and/or Fe?* can thus be indicative for the absence of
oxygen and for consequent Mn and Fe oxyhydroxide
reduction. However, the absence of pore water Mn and
Fe does not imply that reduction of Mn and/or Fe oxyhy-
droxides is not occurring. Precipitation of Fe>* and Mn>*
in authigenic minerals, for example Fe sulphides (Howarth
and Jorgensen, 1984; Moeslund et al., 1994) or manganese
carbonates (Pedersen and Price, 1982), may lead to low Fe
and Mn concentrations in pore waters.

In the tidal flat area of Spiekeroog Island, NW Ger-
many, dissolved Mn was shown to vary on tidal and sea-
sonal time scales in the open water column (Dellwig
et al., 2007a). Possible sources which may influence the ele-
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mental composition in the study area are the North Sea,
fresh water flowing irregularly into the tidal flat area via
a flood gate, and pore water seeping from sediments. A
rough estimation revealed that fresh water seems to be a po-
tential source in winter, whereas pore water may represent
the main source in spring and summer (Dellwig et al.,
2007a). Anoxic pore waters are enriched in Mn compared
to sea water (Shaw et al., 1990) thus representing a possible
source to the open water column. In permeable sediments
where surface topography features like ripples interact with
bottom currents, anoxic channels are forming where anoxic
pore waters reach the sediment surface (Huettel et al.,
1998). In tidal flat areas anoxic pore waters may addition-
ally be released at tidal flat margins where the sediment sur-
face slopes towards a tidal creek. The hydraulic gradient
between the sea water level in the tidal creek and the pore
water level in the sediment generates deep pore water flow
(Wilson and Gardner, 2006).

There has been extensive work on trace metal cycling in
deep marine sediments (e.g., Pedersen and Price, 1982;
Brumsack and Gieskes, 1983; Anderson et al., 1989a,b;
Shaw et al., 1990; Barnes and Cochran, 1991; Huerta-Diaz
and Morse, 1992; Wanty and Goldhaber, 1992; Crusius
et al., 1996; Adelson et al., 2001; Hyacinthe et al., 2001;
Nameroff et al., 2002; Sundby et al., 2004; Morford et al.,
2005). However, only few studies focused on trace element
cycling in estuarine and tidal flat sediments (Barnes and
Cochran, 1993; Kristensen et al., 2003; Audry et al., 2006;
Charette and Sholkovitz, 2006; Audry et al., 2007).

In this contribution pore waters were studied down to
5m depth in the backbarrier area of Spiekeroog Island
(NW Germany) to better understand trace element cycling
in tidal flat sediments and to extend previous studies to
deep sediment layers. To date, the knowledge about trace
metal cycling in deep tidal flat sediments is rather limited.
Trace metal studies are complemented by biogeochemical
studies in which sulphate, sulphide, dissolved organic car-
bon (DOC), and nutrients were determined at the same
sampling locations (Beck et al., 2008). The intent of this
study is to investigate the spatial and seasonal scale of trace
metal cycling in coastal environments, with focus on the im-
pact of changes in organic carbon supply, redox conditions,
and particle sedimentation. Pore water composition further
provides evidence of the enrichment or depletion of certain
elements compared to the open water column. This allows
to estimate whether in permeable sediments seeping pore
waters represent a trace metal source for the open water
column.

2. GEOCHEMICAL BACKGROUND
2.1. Manganese and iron geochemistry

The oxidised forms of manganese and iron are Mn(IV)
and Fe(III), which are found in nature mainly as solid oxi-
des and hydroxides. In sediments Mn(IV) and Fe(III) oxy-
hydroxides are dissolved under reducing conditions. Fe
oxyhydroxides react rapidly with sulphide (Canfield,
1989). Reduction of Fe oxyhydroxides leads to the forma-
tion of Fe(II), which forms insoluble phases such as pyrite

FeS, and iron monosulphides FeS (e.g., Berner, 1984; Ho-
warth and Jorgensen, 1984; Moeslund et al., 1994). The
residual Fe minerals, which are mainly silicates, react much
more slowly with sulphide (Canfield et al., 1992; Raiswell
and Canfield, 1996). The product of Mn oxyhydroxide
reduction has generally been described to be Mn(II),
although Mn(III) may form as well (Sundby and Silverberg,
1981; Trouwborst et al., 2006). In anoxic sediments where
carbonate concentrations are high, Mn precipitates as Mn
carbonate (e.g., Thomson et al., 1986; Middelburg et al.,
1987). Both Mn and Fe oxyhydroxides are known to scav-
enge a variety of trace elements (e.g., Mo, U, V) either by
surface adsorption or by direct incorporation into the crys-
tal structure (Burdige, 1993 and references therein). Thus,
reduction/dissolution and oxidation/precipitation of Mn
and Fe oxyhydroxides lead to a cycling of associated trace
metals between solid sediment phases and corresponding
pore waters.

2.2. Molybdenum and uranium geochemistry

2.2.1. Molybdenum

In oxic seawater molybdenum (Mo) is present in the sta-
ble oxidation form Mo(VI) as MoO; . The characteristics
of Mo in ocean water are its conservative behaviour and
its high dissolved concentration of about 110 nM at salinity
35 (Morris, 1975; Collier, 1985). Several studies have shown
that deviations from the conservative behaviour occur un-
der certain biogeochemical conditions (Yamazaki and Goh-
da, 1990; Tuit and Ravizza, 2003; Dellwig et al., 2007b). In
reducing sediments, a key step in Mo scavenging from sea
water is the conversion of particle inert MoOi’ to particle
reactive thiomolybdates (Mo0O,S,_,>~, x=0 to 3) (Helz
et al., 1996; Erickson and Helz, 2000; Zheng et al., 2000;
Vorlicek and Helz, 2002; Vorlicek et al., 2004). Thiomolyb-
dates are readily scavenged from solution by sulphidised Fe
phases and humic materials. Erickson and Helz (2000) pro-
posed that MoOj ™ reacts to MoS;~ at sulphide concentra-
tions of about 11 uM. Mo was further shown to be
associated with Mn oxyhydroxides and dissolved organic
substances (Bertine and Turekian, 1973; Brumsack and
Gieskes, 1983; Yamazaki and Gohda, 1990; Crusius et al.,
1996; Adelson et al., 2001; Sundby et al., 2004; Morford
et al., 2005).

2.2.2. Uranium

Uranium is present in sea water at a concentration of
~13nM as stable, soluble U(VI) carbonate complex
UOZ(CO3)§7, which shows a conservative behaviour (Ku
et al., 1977). The main removal process of U is uptake from
the water column to the sediment, reduction to U(IV), and
subsequent adsorption or precipitation (Anderson et al.,
1989a; Barnes and Cochran, 1991; Klinkhammer and Pal-
mer, 1991). In several studies a coupling between Fe and
U cycling was observed in sediments either suggesting scav-
enging of U by Fe oxyhydroxides or microbially mediated
conversion of both species (Cochran et al., 1986; Barnes
and Cochran, 1990; Lovley et al., 1991; Lovley et al.,
1993; Barnes and Cochran, 1993; Church et al., 1996; Duff
et al., 2002; Sani et al., 2004; Morford et al., 2007). Ander-



2824 M. Beck et al./ Geochimica et Cosmochimica Acta 72 (2008) 2822-2840

son (1982) showed that U is fixed to particles in surface sea
water and hypothesised that organic matter is the carrier
phase, which was proposed by Anderson et al. (1989b),
Shaw et al. (1994), and McManus et al. (2005) as well.

2.3. Vanadium and chromium geochemistry

2.3.1. Vanadium

In oxygenated seawater V is present in the stable oxida-
tion form V(V) as the anions H,VO, and HVO; (Wehrli
and Stumm, 1989). V is evidently associated with Mn cy-
cling (Wehrli and Stumm, 1989; Shaw et al., 1990; Morford
et al., 2005). Under more reducing conditions V(IV) and
V(III) are the stable oxidation states, which are very parti-
cle reactive (Shaw et al., 1990; Wanty and Goldhaber, 1992;
Audry et al., 2006). Stable complexes are further formed
with dissolved organic material (Szalay and Szilagyi,
1967; Brumsack and Gieskes, 1983; Wanty and Goldhaber,
1992).

2.3.2. Chromium

Chromium exists in oxic sea water predominantly as the
chromate (VI) anion CrO; and to a lesser extent as the cat-
ionic aquahydroxy (IIT) species Cr(OH); ( H,0), (Cran-
ston and Murray, 1978; Cranston, 1983; Mugo and
Orians, 1993). Under reducing conditions Cr is present as
the Cr(Ill) ion Cr(H,0),(OH); (Cranston and Murray,
1978; Hursthouse et al., 2003). Cr was shown to be associ-
ated with dissolved organic matter (Brumsack and Gieskes,
1983).

3. STUDY AREA

The Wadden Sea forms one of the largest tidal flat areas
extending along the coastline for almost 500 km between
Den Helder (Netherlands) and Skallingen (Denmark)
(Fig. 1). The tidal flat areas extend between the coastline
and a chain of barrier islands, which form a boundary be-
tween the North Sea and the Wadden Sea. The chain of
barrier islands is separated by tidal inlets enabling water ex-
change between the tidal flat areas and the North Sea. The
backbarrier area of each island is characterised by a tidal
channel system consisting of large main channels and smal-
ler secondary channels (Flemming and Davis, 1994).

The study was carried out in the backbarrier area of
Spiekeroog Island, which represents one of the East Frisian
Islands in NW Germany (Fig. 1). Sampling was conducted
on the intertidal flat Janssand (JS), located in the western
part of the backbarrier area (Fig. 1). The study area is char-
acterised by semi-diurnal tides and a tidal range of 2.6 m
(Flemming and Davis, 1994). During high tide the JS tidal
flat is covered by 1-2 m of water. It becomes exposed to the
atmosphere for approximately 6 h during low tide, depend-
ing on tidal range and wind direction. The tidal flat surface
is almost horizontal, except for the eastern margin where
the sediment surface slopes towards the main tidal creek.
During low tide the difference in altitude between the sea
water level and the horizontal part of the tidal flat amounts
to approximately 1.5 m. Sampling was carried out at three
locations on the JS tidal flat (JS1: 53°44.183'N,

007°41.904'E; JS2: 53°43.962'N, 007°41.283'E; JS3:
53°43.844'N, 007°40.873'E). The locations are numbered
according to their distance from the tidal flat margin, with
number 1 being situated closest to the tidal creek. During
low tide the distance between the sampling location JSI
and the water line is approximately 70 m. The distance be-
tween site JS1 and site JS2 amounts to 800 m, while site JS3
is located 500 m southeast of site JS2.

4. METHODS AND ANALYTICAL PROCEDURES
4.1. Pore water sampling

Pore water was extracted using in situ samplers de-
scribed in more detail in Beck et al. (2007). The samplers re-
mained permanently installed in the sediment to allow
repetitive sampling at identical locations and depth inter-
vals. Briefly, the sampler consists of a pipe with holes drilled
into the pipe walls serving as sampling orifices. The sam-
pling ports are linked to sampling devices located at the
sediment surface by teflon tubings. At the top of the sam-
pler PE (polyethylene) syringes are connected to the sam-
pling 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,
0.07, 0.10, 0.15, 0.20, 0.25, 0.30, 0.40, 0.50, 0.75 m) than
deeper sediment layers (1.0, 1.25, 1.5, 2.0, 2.5, 3.0, 3.5,
4.0, 4.5, and 5.0 m). Depending on sampling depth and
diameter of the teflon tubes, different volumes of pore water
are discarded before taking samples for analyses. With re-
gard to the analysis of trace metals, the sampler was con-
structed avoiding metal components.

One sampling campaign carried out on April 24th and
25th 2006 was chosen to emphasise pore water depth pro-
files. To study seasonal pore water variations, samples were
taken throughout one year. The time interval between con-
secutive samplings ranged from three to nine weeks. From
May 2005 to June 2006 twelve sampling campaigns were
conducted at site JS1 where pore water was always sampled
at falling water level. At sites JS2 and JS3 sampling cam-
paigns started in July 2005, and 10 campaigns were carried
out until June 2006. Furthermore, pore water was extracted
four times during one tidal cycle at site JS1 on June 28th
2006. Sampling started at low tide and lasted until three
hours after high tide.

All samples for trace metal analysis were immediately fil-
tered through 0.45 um SFCA (surfactant-free cellulose ace-
tate) syringe filters after extraction. Subboiled HNO; was
added to obtain a concentration of 1% (v/v) in all samples.
Samples were stored in PE bottles, which were acid washed
and rinsed with ultrapure water prior to use. All samples
were stored at 4-6 °C until analysis. Samples for DOC anal-
yses were immediately filtered through 1.2 pm GF/C filters
after extraction, acidified by adding 1 ml HCl (6 M) to
40 ml sample and stored in glass bottles.

4.2. Analytical procedures

Trace metals were analysed using a high resolution
inductively coupled plasma mass spectrometry ICP-MS
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Fig. 1. (A) Pore water sampling sites on the Janssand tidal flat (JS1-JS3) in the backbarrier area of Spiekeroog Island, Wadden Sea,
Germany. (B) Tidal flat topography.

(Thermo Finnigan MAT Element). The applied analytical and Ruth (1997). Pore water samples were diluted 25-fold
procedure is similar to the method published by Rodushkin with 0.3 M HNOs;. To account for variations in the perfor-



2826 M. Beck et al./ Geochimica et Cosmochimica Acta 72 (2008) 2822-2840

mance of the ICP-MS during analysis, a solution contain-
ing internal standards was added to the diluted pore water
samples. As internal standards Y (for Cr, Fe, Mo, V), In
(for U) and Cs (for Mn) were chosen. Calibration solutions
were prepared using the same acid and the same internal
standards. Low-resolution mode was applied to measure
Y (89), Mo (98), In (115), Ba (137), and U (238), whereas
V (51), Cr (52), Mn (55), Fe (56), Y (89), and Cs (133) were
analysed in medium-resolution mode.

Precision and accuracy of the analytical procedure were
controlled by the reference materials Cass-4 (Nearshore
seawater for trace metals) and Slew-3 (Estuarine water for
trace metals, both National Research Council, Canada).
A solution containing Mn and Fe was added to the refer-
ence material to ascertain accuracy and precision of Mn
and Fe analyses because concentrations were much higher
in the tidal flat pore waters than in the original reference
material. Certified and measured concentrations of the ref-
erence materials Cass-4 and Slew-3 in addition to calculated
accuracy and precision of the measurements are summa-
rised in Tables 1 and 2. Replicate measurements of Cass-4
and Slew-3 indicate that the precision for 25-fold sea water
solutions is at least <8%. Accuracy of the measurements
varies depending on the element. Measured Fe and Mn
concentrations are within 3% of their expected values,

Table 1

Replicate analyses of Cass-4 seawater reference material (n = 105)
Element Cass-4 Cass-4 Accuracy  Precision
[nM] certified measured [%)] [%]

Fe 35947 3600 + 240 1 7

Mn 36917 3700 + 150 2 4

Mo 91.54+9.0 101 £6 10 6

U 12.6° 1204£05 -5 4

A% 232+ 3.1 24+2 4 7

Measured and certified values are reported as average concentra-
tion =+ standard deviation. Accuracy and precision of the measured
Cass-4 samples are displayed.

% Solution containing 3640 nM Mn and 3580 nM Fe was added
to Cass-4.

® U concentration in Cass-4 is only for information and not
certified.

Table 2

Replicate analyses of Slew-3 estuarine reference material (n = 55)
Element Slew-3 Slew-3 Accuracy  Precision
[nM] certified measured [%] [%]

Fe 3592¢ 3700 + 300 3 8

Mn 3670% 3700 + 200 1 5

Mo 53.0° 56 + 4 6 6

U 7.6° 70+£04 -7 6

v 50.5+1.8 59 +4 16 6

Measured and certified values are reported as average concentra-
tion =+ standard deviation. Accuracy and precision of the measured
Slew-3 samples are displayed.

# Solution containing 3640 nM Mn and 3580 nM Fe was added
to Cass-4.

® Mo and U concentrations in Slew-3 are only for information
and not certified.

whereas measured Mo and V concentrations are higher
by 6-10% and 4-16%, respectively. U concentrations are
5-7% lower than the recommended concentrations. The
certified Cr concentration is below the lowest calibration
point of the method. Accuracy and precision of samples,
which mostly exhibit higher concentrations than Cass-4,
are thus presumably better than the accuracy (6%) and pre-
cision (24%) determined for Cr in Cass-4 samples. DOC
was analysed by temperature catalytic oxidation using a
multi N/C 3000 analyser (Analytik Jena). Precision was bet-
ter than 2.4% and accuracy better than 2%.

5. RESULTS AND DISCUSSION
5.1. Deep pore water profiles

In an intertidal flat the trace metals Mn, Fe, Mo, U, V,
and Cr were studied in pore waters down to 5 m sediment
depth. Biogeochemical parameters such as sulphate, sul-
phide, nutrients (ammonium, phosphate, silicate), total
alkalinity, and DOC were analysed as well and are de-
scribed in detail in Beck et al. (2008). Salinity and pH are
specified in these contributions, too. Briefly, site JS1 is situ-
ated close to the tidal flat margin and was shown to be bio-
logically very active (Fig. 1). DOC concentrations increase
up to 2 mM at 5 m depth. Ammonium and phosphate reach
concentrations of 8 mM and 1000 uM, respectively, in deep
pore waters. Sites JS2 and JS3 in central parts of the tidal
flat represent less biologically active environments which
is reflected in lower DOC, nutrient, and total alkalinity con-
centrations compared to site JS1. Maximum DOC, ammo-
nium, and phosphate concentrations are 1 mM, 1.5 mM,
and 300 uM, respectively. At site JS1 sulphate reduction
was identified as the dominant anaerobic organic matter
remineralization pathway resulting in high sulphide concen-
trations up to 6 mM. In contrast, sulphide concentrations
are in the low uM range at almost all depths at sites JS2
and JS3. At the study sites the sediment is anoxic below a
few centimetres depth as reflected by an oxygen penetration
depth of about 4 cm close to site JS1 (Billerbeck et al.,
2006). Chloride concentrations are quite constant with
depth at all sites. Salinity is about 30-31 at almost all
depths, except at site JS3 where it decreases to about 28 be-
low 3.5 m depth. At all sites, the pH value varies between 7
and 8 with slightly lower values in deep sediment layers
compared to top layers.

Sediment geochemistry of the sampling sites is described
in Beck et al. (2008). At site JS1 the lithology is composed
of sandy sediments down to 3 m depth, which are slightly
intermingled by clay lenses, a clay layer at 3 m depth, a san-
dy layer below and clayey sediments at depths exceeding
4 m depth. In central parts of the tidal flat sandy sediments
dominate down to 5 m depth near site JS2, and down to
approximately 3 m near site JS3.

5.1.1. Intertidal flat close to the tidal flat margin

At site JS1 Mn and Fe concentrations are slightly higher
in the upper centimetres of the sediment than in the section
below (Fig. 2). In the study area suspended particulate mat-
ter (SPM) is enriched in Mn compared to average shale,
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Fig. 2. Trace metal (Fe, Mn, Mo, U, V, Cr) and DOC pore water profiles at site JS1, located close to the tidal flat margin of an intertidal sand
flat. Samples were taken in April 2006. Fe concentration at 5 m depth is indicated by a number as it exceeds the scale. Dashed lines mark sea

water concentrations in the study area.

especially in summer (Dellwig et al., 2007a). When the SPM
is deposited on tidal flat surfaces and subsequently incorpo-
rated into the sediment (Huettel et al., 1996; Huettel and
Rusch, 2000; Rusch and Huettel, 2000), particulate Mn
and Fe oxyhydroxides are dissolved as soon as reducing
conditions are encountered. This leads to increasing Mn
and Fe pore water concentrations in surface sediments
(Fig. 2). Comparable observations are described for marine
sediments by Sundby and Silverberg (1981) and Morford
et al. (2007). Below the sediment surface, Mn concentra-
tions are similar to those documented for the open water
column of the study area down to about 1 m depth. This
is either due to some vertical infiltration of sea water in-
duced by tidal sea level changes (Charette and Sholkovitz,
2006) or by the formation of anoxic channels underneath
of protruding surface structures where anoxic Mn-enriched
pore waters are seeping out at the sediment surface (Huettel
et al., 1998). Both processes may limit the enrichment of
Mn in the upper sediment layers.

At sediment depths exceeding 1.5 m Mn increases to a
concentration level of about 7 uM (Fig. 2). This either re-
flects differences in geochemical sediment composition, sed-
imentation age, or pore water exchange processes. Silt-clay
lenses and very thin clay layers, which are intermingled in
the sandy sediment at 1.8-2.5 m depth, may limit water ex-
change with layers above resulting in an increase in Mn
concentrations. In contrast, Fe pore water concentrations
are low at these depths due to the precipitation of FeS
and FeS, phases at sediment depths where sulphide is exist-
ing (Bottcher et al., 2000). At 5 m depth pore water profiles
exhibit unexpected high Mn and Fe concentrations of 29
and 600 pM, respectively (Fig. 2). This finding is confirmed
by all sampling campaigns carried out within one year. Mn
and Fe reduction rates depend on the supply of metal oxy-
hydroxides and on the reducing capacity of the sediment.
The reducing capacity is unlikely to change at 5 m depth.
We thus hypothesise that a sediment layer formerly en-
riched in Mn and Fe oxyhydroxides released high amounts
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of Mn (II) and Fe(II) under reducing conditions. Fe sili-
cates are unlikely to have reacted with sulphide thus supply-
ing Fe to pore waters. For instance, in Peru Margin
sediments this poorly reactive Fe fraction was shown to
be only sulphidised on a million year time scale (Raiswell
and Canfield, 1996). Furthermore, nearly all of the sulphate
has been consumed by sulphate reducers at 5 m depth (Beck
et al., 2008) suggesting that little sulphide is produced at
this depth. A low sulphide level limiting the precipitation
of Fe sulphides may thus further explain high pore water
Fe concentrations at this depth.

Mo and U show their highest concentration close to the
sediment surface where Wadden Sea water infiltrates into
the sediment, which generally exhibits Mo and U concen-
trations of 103 and 12 nM, respectively (Fig. 2). In oxic sed-
iment layers Mo and U remain dissolved in pore waters and
concentrations close to the sea water value are observed.
For instance, Morford et al. (2007) determined Mo concen-
trations of about 110 nM in surface sediments of Boston
Harbor, USA. However, Mo and U concentrations are
about one third lower than expected in the upper centime-
tres of the sediment at site JS1. The master variable regulat-
ing Mo precipitation is the concentration of sulphide in
pore water (Helz et al., 1996; Erickson and Helz, 2000;
Zheng et al., 2000; Vorlicek et al., 2004). This suggests that
immediately below the sediment surface sulphide is avail-
able. At 0.15m depth Mo decreases sharply indicating
Mo precipitation. U shows a sharp decrease in concentra-
tion at 0.35 m depth where U(V]) is suspected to be reduced
to U(IV), which is removed from solution by adsorption or
precipitation (Anderson et al., 1989a; Barnes and Cochran,
1991; Klinkhammer and Palmer, 1991; Morford et al.,
2007). Slight increases in U at about 1 m depth are presum-
ably not related to the release of U during Fe and Mn oxy-
hydroxide reduction (Church et al., 1996; Elbaz-Poulichet
et al., 2005; Morford et al., 2005, 2007). Instead, concentra-
tions at this depth interval seem to be influenced by deep
pore water advection (cf. Section 5.3).

Recycling of V with Mn oxyhydroxides (Shaw et al.,
1990; Morford and Emerson, 1999) likely occurs close to
the sediment surface (Fig. 2). Scavenged V is released dur-
ing Mn oxyhydroxide reduction indicated by V concentra-
tions higher than the Wadden Sea value of about 30 nM
in surface sediments. Below the zone of V release, V and
Cr show a decrease in concentration suspecting their trans-
formation into reduced states, which are less soluble and
easily adsorbed by particles or organic matter (Shaw
et al., 1990; Hursthouse et al., 2003). In pore waters V
and Cr were described to be adsorbed by DOC (Brumsack
and Gieskes, 1983; Wanty and Goldhaber, 1992). A regres-
sion analysis of DOC against V was performed with the
data set obtained during twelve sampling campaigns. This
results in a correlation coefficient of 0.9 excluding results
at 5m depth. This supports the hypothesis that V is ad-
sorbed to DOC in deep pore waters.

5.1.2. Central parts of the intertidal flat

The general pathways describing pore water geochemis-
try close to the tidal flat margin are also valid in central
parts of the tidal flat (Fig. 3). The exception is Fe, which

exhibits quite different depth profiles. At site JS1 Fe concen-
trations are low due to precipitation of Fe sulphides. In
contrast, Fe pore water concentrations are high at site
JS2, especially at 2.5-4 m, due to limited iron sulphide pre-
cipitation. Besides sulphide concentration, reactive sedi-
mentary Fe is a further key factor in controlling Fe pore
water concentrations. For example, sulphide concentra-
tions are comparable at sites JS2 and JS3 (Beck et al.,
2008), but Fe(Il) remains low at greater depths at site JS3
in contrast to site JS2. We assume that less reactive sedi-
mentary Fe is present at site JS3. In central parts of the ti-
dal flat Mn and Fe are also determined in higher
concentrations at the sediment surface than in some deci-
metres depth illustrating the deposition of Mn- and Fe-rich
particles and their subsequent reduction after incorporation
into the sediment (Fig. 3). Pore water Mn however in-
creases to a lower extent with depth in the central parts
of the tidal flat compared to the margin.

At all sites similar pathways affect the Mo and U depth
profiles, however the characteristic sharp decrease in con-
centration is found at different depths depending on loca-
tion (Fig. 3). In April 2006 the gradient between oxic and
anoxic conditions is steepest at site JS1 indicating the
reduction of Mo(VI) and U(VI) at shallower depths com-
pared to sites JS2 and JS3. More organic material is intro-
duced into the sediment at site JS1 due to surface advection
induced by ripples, resulting in a faster consumption of
oxygen. The organic material may have been derived from
an algae bloom, which occurred in the study area at the
beginning of April (Grunwald et al., 2007). In contrast to
site JS1 where Mo and U concentrations are below the
sea water value at the sediment surface, Mo and U are en-
riched in pore waters close to the surface at sites JS2 and
JS3. We assume that the material deposited at the sediment
surface at sites JS2 and JS3 is enriched in Mo (Dellwig
et al., 2007b), whereas U is scavenged by organic material
produced at these sites (Anderson et al., 1989b). Thus,
Mo and U are released when the material is degraded in
the upper sediment layers (Dellwig et al., 2007b; cf. Sections
5.2.3 and 5.2.4).

At sites JS2 and JS3 V and Cr depth profiles are compa-
rables to those at site JS1 with sea water concentrations
close to the sediment surface, decreasing concentrations be-
low and coupling of V and Cr with DOC in deeper pore
waters (Fig. 3). However, the correlation between DOC
and V or Cr is less pronounced than at site JS1 (R> > 0.4).

5.1.3. Comparison with pore waters of deep marine
environments

Despite the more dynamic biogeochemical, sedimento-
logical, and hydrological conditions prevailing at tidal flat
margins (Billerbeck et al., 2006; Beck et al., 2008), trace
metals show similar general trends with depth at the margin
and in central parts of the tidal flat (Figs. 2 and 3). These
general trends with depth observed in deep pore waters of
an intertidal flat are comparable to those determined in
the upper decimetres of anoxic deep marine sediments.
For instance, Mo and U decrease from the sediment surface
to non-zero asymptotic values in several pore water studies
of marine sediments (Anderson et al., 1989b; Barnes and
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Fig. 3. Trace metal (Fe, Mn, Mo, U, V, Cr) and DOC pore water profiles at sites JS2 and JS3, which are located in central parts of an
intertidal sand flat. Samples were taken in April 2006. Dashed lines mark sea water concentrations in the study area.

Cochran, 1991; Klinkhammer and Palmer, 1991; Elbaz-
Poulichet et al., 2005; McManus et al., 2005; Morford
et al., 2007). Increasing Mn pore water concentrations with
depth were shown for marine sediments due to the dissolu-
tion of Mn oxyhydroxides (Shaw et al., 1990; Hyacinthe
et al., 2001). The V pore water concentration was shown
to decrease close to sediment surfaces (Shaw et al., 1990;
Swarzenski and Baskaran, 2007). In some marine environ-
ments V was further described to increase again in some
centimetres depth, which was either attributed to V release
when Mn oxyhydroxides are reduced (Wehrli and Stumm,
1989; Shaw et al., 1990; Morford et al., 2005) or to com-
plexation of V by soluble organic material (Brumsack and
Gieskes, 1983). These findings are comparable to results ob-
tained in our deep pore water studies.

Depth profiles are thus comparable in marine and tidal
flat sediments suggesting that similar processes control
trace metal dynamics in both environments. In contrast to
diffusion controlled marine sediments, depth profiles in
tidal flat sediments are not solely dominated by diffusion

but affected by advection as well. Water exchanges in tidal
flat systems at rates at least several orders of magnitude fas-
ter than in diffusion controlled marine sediments. In order
to maintain the observed pore water profiles, rates of trace
metal cycling must be comparably large. This is for example
reflected in the steep near surface gradients of Mo and U.

5.2. Seasonal variations of trace metals

5.2.1. Vanadium and chromium

Seasonal V and Cr pattern are similar to those observed
for DOC (Fig. 4) supporting again the hypothesis that V
and Cr are associated with dissolved organic carbon mole-
cules in deep pore waters. The enhanced availability of sub-
strate at the tidal flat margin leads to increasing microbial
activity with rising temperature thus fostering the produc-
tion of labile organic compounds (Beck et al., 2008). Be-
cause of the simultaneous concentration changes of DOC,
V, and Cr, we hypothesise that in reducing sediment layers
V and Cr are first adsorbed to organic material and are



2830 M. Beck et al./ Geochimica et Cosmochimica Acta 72 (2008) 2822-2840

JS1 DOC [mM]

2.5
2.25

Depth [m]

V [nM]

Depth [m]

Cr [nM]

Depth [m]

5
May Jun Jul Aug Sep Nov Dec Feb Mar Apr May Jun
2005 2006

JS3 0 < ‘_\——/k_f}_)\—__’_\) 2.5 DOC [mM]
0.25 2.25

2
1.75
1.25
1
0.75

Depth [m]
N

[ > T < >° —_ = é 230 VIMI

A . 46— | 184

| _
46 46 2% 138

Depth [m]
N
1

Tae—— 46— 46— |
46 46 46 69

4 5 23

(@) 88

O 66
A1 55
3 —/'\'/11\/\5 /\/'\\/—\ 44

4 11

Depth [m]
N
1

Ju  Aug Sep Nov Dec Feb Mar Apr May Jun
2005 2006

Fig. 4. Seasonal variation of DOC, V, and Cr at site JSI close to the tidal flat margin and at site JS3 in central parts of the tidal flat. Samples
were extracted at the same location from May 2005 to June 2006. Data are interpolated according to Kriging using the program Surfer.

transferred to the dissolved organic carbon fraction when sumably results from advective pore water flow, which led
organic matter is degraded by hydrolysis and fermentation. to the exchange of water masses down to about 3 m depth
The decrease in DOC observed after September 2005 pre- (Beck et al., 2008; cf. Section 5.3). The diminishment of the
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DOC pool leads to decreasing pore water concentrations of
adsorbed V and Cr. In central parts of the tidal flat no sea-
sonal variation of DOC is observed in deep pore waters due
to limited organic matter availability. The absence of DOC
concentration changes with season may explain the season-
ally relative constant V and Cr concentrations.

5.2.2. Manganese and iron

Mn shows little seasonal variation at all sites (Fig. 5). At
site JS1 seasonal changes in Mn concentration are observed
at 2-3 m depth with higher concentrations in summer and
autumn 2005. These changes are rather small, however they
may be resulting from higher microbial activity in summer
months as described for sulphate and DOC (Beck et al.,
2008). Reduction of Mn oxyhydroxides can be microbially
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mediated (Myers and Nealson, 1988; Lovley, 1995) and
thus higher microbial activity may lead to increased Mn
oxyhydroxide reduction. At site JS2 an increase in Mn pore
water concentration is observed in surface sediments in Sep-
tember 2005. This implies that Mn-enriched particles,
which formerly settled from the open water column, are
decomposed (Schoemann et al., 1998; Dellwig et al.,
2007b; cf. Section 5.2.3). Seasonal Mn pore water data give
no evidence for scavenging of Mo by Mn oxyhydroxides in
deposited particles (Figs. 5 and 6; cf. Section 5.2.3). Sea-
sonal variations of Fe are small (Fig. 5). In deep pore
waters Fe show low concentrations throughout the whole
year at site JS1, except at 5 m depth, and concentrations
remain high in the depth interval from 2.5 to 4 m at site
JS2.
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Fig. 5. Seasonal variation of Mn and Fe at sites JS1 and JS2. Samples were extracted at the same location from May 2005 to June 2006. Data
are interpolated according to Kriging using the program Surfer. Note that high Fe concentrations determined at 5 m depth at site JS1 are

omitted in this figure.
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Fig. 6. Seasonal variation of Mo at sites JS1, JS2, and JS3. Samples were extracted at the same location from May 2005 to June 2006. Data

are interpolated according to Kriging using the program Surfer.

5.2.3. Molybdenum

Molybdenum only exhibits seasonal variations in the
upper 50 cm, whereas below concentrations remain at very
low levels during the whole year (Fig. 6). In summer and
autumn 2005 Mo is enriched in pore waters. The extent
of this enrichment depends on the sampling location. Com-
paring central parts of the JS tidal flat with the margin, the
sediment surface structure is different. Water current veloc-
ities during falling and rising tide are smaller in the central
part than at margins where the sediment surface slopes to-
wards a tidal creek. Consequently, the sediment surface is
covered by ripples at site JS1, whereas fluffy particulate
material is deposited on the sediment surface in central
parts, especially in summer (Chang et al., 2006b). In the
open water column large voluminous flocs form during
summer when transparent exopolymer particles (TEP) are
formed from precursors released by phytoplankton and
promote aggregation of suspended mineral particles (Pas-
sow, 2002; Chen et al., 2005; Lunau et al., 2006; Passow
and De la Rocha, 2006; Dellwig et al., 2007b). Such aggre-
gates have higher settling velocities than their constituent
particles and deposit on sediment surfaces (Chang et al.,
2006a). The sites in the central flats are further character-
ised by large colonies of Cerastoderma edule, most notably
at site JS2.

Dellwig et al. (2007b) postulated that during the break-
down of algae blooms MoOif is reduced in oxygen-de-
pleted micro-zones of large flocs suspended in the open
water column and/or scavenged by fresh organic material.
This leads to an enrichment of Mo in suspended particulate
matter. In central parts of the tidal flat where large flocs are
preferentially deposited, Mo concentrations above the ex-
pected sea water level are determined in summer and au-
tumn (Fig. 6). This reflects the supply of Mo to pore
waters by Mo-enriched particles. The hypothesis that Mo
is reduced in oxygen-depleted micro-zones of large flocs
suspended in the open water column implies that Mo has
to be re-oxidised at the sediment surface. Scavenging of
Mo by fresh organic material in the open water column sug-
gests that Mo is released during organic matter degradation
in surface sediments without changes in the redox state.
Conclusions whether the first or second process is the dom-
inant pathway leading to pore water Mo enrichments can,
however, not be drawn.

The Mo enrichment is determined down to 0.5 m depth
in summer and autumn at site JS2. Cerastoderma edule and
Arenicula marina are found at this location, which support
the transport of particles to sediment depths of a few deci-
metres by burrowing activities (Volkenborn et al., 2007).
Mussels further may attack aggregate constituents during
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digestive processes thus accelerating the degradation of
deposited particles. Consequently, colonies of C. edule
influence time and depth of Mo enrichments in pore waters.
At site JS2 Mo enrichments are seen earlier and at greater
depths compared to site JS3, which may be due to higher
C. edule activities.

At site JS1 pore water Mo concentrations differ only
slightly from the sea water value of 105nM in summer
2005. Negative Mo concentration anomalies are, however,
observed in autumn and winter 2005/2006 (Fig. 6). It is
rather unlikely that Mo is scavenged by Mn oxyhydroxides
as proposed by Crusius et al. (1996), Sundby et al. (2004),
and Morford et al. (2005) because of elevated pore water
Mn concentrations in the same time period. The results
indicate that the sediment is anoxic just below the surface
leading to the precipitation of Mo. In November 2005 the
number of free-living and aggregate-associated bacteria in
the open water column is surprisingly as high as in July
(Dellwig et al., 2007b). Furthermore, DOC concentrations
even higher than those in July are determined in November.
An algae bloom in autumn thus presumably has caused
reducing conditions in the sediment surface.

5.2.4. Uranium

Seasonal variations in U are particularly observed in the
upper 0.5 m of the sediment, whereas only small changes
are seen below (data not shown). Similar to Mo, the extent
and time of U enrichment or depletion in pore water de-
pend on the sampling location. At site JS1 U exhibits con-
centrations below the Wadden Sea level of 12 nM in surface
sediments in November and December 2005. It is suspected
that reducing conditions prevailing in surface sediments
during this time of the year led to the precipitation of U
(Klinkhammer and Palmer, 1991; cf. Section 5.2.3).

In contrast, U shows concentrations above 12 nM at site
JS2 from September 2005 until April 2006 at depths of
about 0.2 m. This finding is also observed at site JS3, how-
ever limited to a shorter time period. During the breakdown
of an algae bloom in summer 2005 when Mo concentrations
decreased in the open water column of the study area, no
decrease in U concentrations was observed. Suspended par-
ticulate matter further has a relatively constant U content
throughout the year suggesting that it does not contribute
to positive U anomalies in pore waters. Coupling of U to
organic matter was proposed by Anderson et al.
(1989a,b). During the productive season the organic carbon
content of Mytilus edulis biodeposits is higher than that of
naturally sedimenting particles (Kautsky and Evans, 1987).
We propose that U is bound to biodeposits of C. edule
resulting in an U enrichment in these biodeposits. Sedi-
ments in central parts of the tidal flat further are more den-
sely colonised by benthic diatoms compared to margin
sediments. Benthic diatoms produce extracellular polymeric
substances (EPS), which bind sediment particles thus
enhancing sediment cohesiveness and stability (Blanchard
et al., 2000; Stal, 2003). U may be adsorbed to EPS which
are known as chelating agents.

During wintertime sea water U concentrations of the
backbarrier area reach values that are comparable to those
of the German Bight when normalised to offshore salinity.

In contrast, concentrations remain below this value in sum-
mer (Fig. 7). In the backbarrier area salinities are slightly
lower than in the German Bight. Assuming conservative
behaviour, lower U concentrations in the backbarrier area
compared to the German Bight are due to lower salinities.
To test whether U is truly depleted in the sea water of the
backbarrier area, U concentrations are normalised to off-
shore salinities. In summer U is slightly depleted in the open
water column, which points to adsorption by organic con-
stituents in surface sediments.

The growing season of C. edule takes place from April to
September, coinciding with the phytoplankton cycle in the
area (Ramon, 2003). In winter mussels are less active thus
limiting biodeposit production. High-energy events in win-
ter further cause resuspension of biodeposits (Chang et al.,
2006b). From September to April U is thus presumably
scavenged to a lesser extent by biodeposits. Instead, U is re-
leased during the degradation of biodeposits, which were
transported to subsurface layers by C. edule. Degradation
of U-enriched biodeposits leads to pore water U enrich-
ments from September to April in surface sediments. Sea-
sonal U pattern thus result from seasonal changes in the
material deposited or produced at the sediment surface.
This finding is in accordance to Shaw et al. (1994) who
determined U pore water pattern in surface sediments of
Chesapeake Bay.

5.3. Deep pore water flow

In June 2006 pore water samples were retrieved at four
different time intervals during one tidal cycle at site JSI:
at low tide, at mid-tide with rising water level, at high tide,
and at mid-tide with falling water level. It should be tested
whether deep pore water flow occurs at the JS tidal flat.
Several studies showed that advection occurs in tidal flat
margin sediments (Howes and Goehringer, 1994; Billerbeck
et al., 2006; Wilson and Gardner, 2006). Deep horizontal
pore water flow is induced when a hydraulic gradient be-
tween the sea water level in the tidal creek and the pore
water level in the sediment is generated during low tide.
This pore water flow is directed towards the low tide water
line in the tidal creek. In contrast, little flow in the opposite
direction occurs when the sea water level is rising (Wilson
and Gardner, 2006).

From low tide to high tide Mn concentrations increase
about two fold at 1.5 to 2.5m depth, whereas smaller
changes are observed at 3.5 m depth (Fig. 8). In contrast,
no tidal changes in Mn concentration are determined at
3m and below 4 m depth. The sediment geochemistry
shows that permeable sandy sediments predominate down
to 2.6 m depths. A sandy layer at about 3.5 m depth further
seems to enable pore water flow, whereas layers with higher
clay contents inhibit advective processes at 3 m and below
4 m depth. Fe shows an increase in concentration from
low tide to high tide comparable to that observed for Mn,
however the increase is limited to depths between 1 and
2 m (Fig. 8). Increasing H,S concentrations at 2 m depth
may be responsible for the absence of a tidal signature for
Fe below 2 m. U concentrations change within one tidal cy-
cle at a depth range slightly above that of Mn (Fig. 8). In
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contrast to Mn, concentrations decrease from low tide to
high tide. Deep Mo pore water concentrations remain very
low during the whole tidal cycle and do not show any tidal
cyclicity. Concentrations of V and Cr vary at about 2.5 m
depth in parallel to DOC concentration changes found at
these depths (data not shown).

Tidal variations of Mn, Fe, and U imply that during low
tide pore water is sampled, which is less diagenetically al-
tered compared to pore water extracted at high tide.
DOC, ammonium, and silicate concentrations are lower
during low tide compared to high tide as well (data not
shown). The reason for this finding is not yet fully under-
stood as the hydraulic gradient between the sea water level
in the tidal creek and the pore water level in the sediment
does not only generate pore water flow towards the tidal
creek. Additionally tidal pressure gradients may lead to for-
ward and backward flow of pore water over small distances.

By our seasonal and tidal studies we present evidence
that deep pore water flow occurs in permeable JS sediments
located close to tidal flat margins. This was hypothesised by
Billerbeck et al. (2006) as well, however, their assumptions
were based on pore water studies conducted only in the
upper 20 cm of the sediment. We are able to show by our
deep pore water studies that processes in permeable tidal
flat margins are controlled by advection in subsurface sed-
iments. The results of water flow dynamics at a tidal flat
margin are comparable to those described for subterranean
estuaries and areas of submarine groundwater discharge
(Charette and Sholkovitz, 2006; Niencheski et al., 2007).

Deep pore water flow, which is directed horizontally to-
wards the tidal flat margin, may promote pore water seeps
at creekbanks where anoxic water reaches the surface. Con-
centrations of Fe, Mo, and U are close to or below sea
water level in deep pore waters, however elements like
Mn, V, and Cr are enriched in pore water compared to
sea water. These enriched constituents may have an impact
on the composition of the open water column when seeping
out of the sediment. Mn(II) produced in anoxic sediment
layers was shown to reprecipitate when reaching oxic sur-
face sediments (Johnson et al., 1992). In our study area,
sediments are partly anoxic until close to the surface, espe-
cially at the tidal flat margin and in vicinity of the low tide
water line (Bottcher et al., 1998). When the oxic surface
layer is lacking, Mn-enriched anoxic pore waters can seep
out of the sediment without being reoxidised.

Sea water Mn, V, and U concentrations were determined
close to the monitoring station in the tidal inlet between
Spiekeroog and Langeoog Island in February and August
2002 (Fig. 7). Mn, V, and U exhibit different concentration
levels in the open water column depending on season and
tidal state (Dellwig et al., 2007a,b). Mn and V concentra-
tions further show a tidal cyclicity with maximum values
during low tide. Fresh water, which flows into the backbar-
rier area, had an average Mn concentration of 4 pM during
sampling campaigns in 2002 and 2003 (Dellwig et al.,
2007a). Fresh water inflow is irregular and does not occur
at each low tide. Budget calculations revealed that freshwa-
ter represents a Mn source for the open water column of the
backbarrier area during high precipitation periods in winter
and autumn (Dellwig et al., 2007a). It was concluded that,

in contrast, Mn released from pore waters has an impact on
the open water column in summer. The release of Mn- and
V-enriched pore waters during low tide may account for
maximum Mn and V concentrations in the open water col-
umn during low tide. Deep pore waters seeping at creek
banks are depleted in U compared to sea water suggesting
that seeping pore water lead to a slight decrease in U concen-
tration in the open water column during low tide (Fig. 7).
To estimate the impact of deep pore water outflow on
the chemistry in the open water column, a rough mass bal-
ance was established. Dissolved Mn(II) was chosen as a tra-
cer of outflow because of its relatively slow change in redox
state (Shiller and Stephens, 2005). In the backbarrier area
of Spiekeroog Island there are about 25 km of tidal flat
margins. During low tide pore water is seeping out of creek-
bank sediments in a zone extending from the low tide water
line several metres upwards. This zone was assumed to be
on average 10 m wide. Billerbeck et al. (2006) determined
a pore water discharge rate of about 21 m~2tide ~!. This
implies that pore water is released of a sediment layer,
which is a few mm thick. In field observations we, however,
observed that at some creekbanks a sediment layer of up to
10 cm is not water saturated during low tide. Therefore, we
assume that rates are partly higher than those proposed by
Billerbeck et al. (2006) and calculations were additionally
performed assuming a flow rate of 50 1m?>~ tide™!. This
flow rate would roughly correspond to a loss of pore water
in the upper 10 cm and may indicate the upper limit of flow
rates in the study area. Similar discharge rates were deter-
mined by Giblin and Gaines (1990), Campbell and Bate
(1998), and Osgood (2000) in beach sediments. Assuming
an average release zone of 10 m, a pore water flow rate,
and an average deep pore water Mn concentration of
8 uM, the Mn molecules released to the open water column
each tidal cycle can be calculated. The Mn discharge from
deep pore waters is compared with Mn budgets of the open
water column. Characteristic average Mn concentrations ob-
served in the backbarrier area in a winter and summer situa-
tion were used (Dellwig et al., 2007a). These concentrations
were multiplied by an average water volume at low tide of
43%10°m’ (Stanev et al., 2003). The contribution of deep
pore waters to the Mn budget of the open water column is
larger in winter compared to summer and reaches about
4% assuming a pore water flow of 50 I m”>~ tide ™' (Table 3).
Mn is further released from surface sediments. Average
Mn flow rates from representative sand and mixed flat sur-
face sediments are 0.3 and 64 pM m~>h~! in winter and
summer, respectively (data from K. Bosselmann). Assum-
ing a tidal flat area of 53 * 106 m2 (Stanev et al., 2003),
which becomes exposed during low tide, and a mean inun-
dation period of 7 h each tidal cycle, the release of Mn from
surface sediments was calculated. The discharge of Mn
from deep and surface pore waters reaches up to 80% of
the open water column Mn budget in summer (Table 3).
This is in accordance with mass balance calculations de-
scribed by Dellwig et al. (2007a). They showed that the
Mn budget of the open water column is up to 90% con-
trolled by seeping pore waters during summer. The impor-
tance of deep pore water discharge on budgets in the open
water column will be further evaluated in ongoing studies.
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Table 3

Mass balance for an estimate of the input of dissolved Mn via deep pore water

Season PWeep (low 1 m~2 tide’l) Mn PWyeep (UM)  Mn SW (uM)  PWye, to SW [%]  PW,,, to SW (%) FW to SW (%)
Winter 50 8 0.06 4 8 92

Summer 8 0.7 0.3 80 10

Winter 2 8 0.06 0.2 4 92

Summer 8 0.7 0 80 10

Calculations were done using two deep pore water flow rates (PW,,, flow), an average Mn concentration in deep pore water (PW,,), and
winter and summer Mn concentrations in sea water (SW). The importance of deep pore water discharge to the Mn budget in the open water
column (PW ., to SW) and the contribution of deep and surface pore water discharge to the open water column (PW,,, to SW) are calculated.
The importance of freshwater discharge (FW to SW) to the Mn budget in the backbarrier area is described according to Dellwig et al. (2007a).

To get an impression of the importance of Mn re-
lease by deep pore water discharge, we extrapolated
our results to the whole NW German Wadden Sea area
to compare this input flux with the Mn introduced into
the North Sea by the major rivers Elbe, Weser, and
Rhine. In the backbarrier area of Spiekeroog Island an
area of 537 10° m? becomes exposed during low tide
(Stanev et al., 2003), which corresponds roughly to
25km of tidal flat margins. In the Southern Wadden
Sea 306 * 10°m> become exposed during low tide in an
area extending from the Island of Juist to the Island
of Wangerooge (Stanev et al., 2003), which presumably
corresponds to about 145km of creekbanks. Assuming
145km of tidal flat margins, a release zone of 10m,
and a pore water discharge rate of 501 m>~ tide!, a
deep pore water flow of 3.3m?s™! is calculated for a
coastal area encompassing one third of the total Wad-
den Sea of the Southern North Sea. Consequently, deep
pore water inflow into the Southern North Sea is esti-
mated to be about 10m>s~!. The annual average dis-
charge of the river Weser is about 340m>s™!. The
rivers Elbe, Weser, Ems, and Rhine, which represent
the major rivers flowing into the Southern North Sea,
have a mean discharge of 3400 m>s™!. Deep pore water
discharge thus corresponds to about 3% of the Weser
discharge and to 0.3% of the discharge of the four main
rivers. However, Mn concentrations are up to 100 times
higher in deep pore waters compared to the rivers Elbe,
Weser, and Rhine (Duiker et al., 1979; Duiker et al.,
1982a,b; Turner et al., 1992). Seeping pore waters fur-
ther do not experience a salinity gradient like river water
does in estuaries where dissolved Mn is to large extent
removed from solution (Duiker et al., 1979). Assuming
a Mn pore water concentration of 6 uM and a Mn river
water concentration of 0.2 um (Duiker et al., 1979; Dui-
ker et al., 1982a,b; Turner et al., 1992), the Mn deep
pore water discharge of the whole Wadden Sea is esti-
mated to be 90% of the Mn input by the Weser river
and about 9% of the total dissolved riverine Mn input
into the Southern North Sea. Although there are uncer-
tainties in these estimations, it can be concluded that
deep pore water discharge may have similar impacts
on coastal sea water budgets than river input. Thus,
the contribution of deep pore water discharge from tidal
flat sediments to ocean budget calculations may be of
significance, besides inputs by rivers and ground water
from subterranean estuaries.

6. CONCLUSIONS

Fig. 9 summarises trace metal dynamics and pore water
flow patterns at the margin and in central parts of the Jans-
sand tidal flat. Trace metal and DOC depth profiles are
shown schematically emphasising characteristic features
with depth and season, however, do not reflect the correct
element concentration level. Mn, Fe, Mo, and U vary little
in deep intertidal flat pore waters within the time span of
one year. In contrast, V and Cr vary seasonally concurrent
to changes in dissolved organic carbon observed in deep
layers at the tidal flat margin (Fig. 9). Close to the sediment
surface, Mo and U exhibit remarkable seasonal variations
in pore waters, especially in central parts of the tidal flat
(Fig. 9). These variations are due to seasonal changes in re-
dox conditions and in the material deposited or produced at
the sediment surface. In summer Mo-enriched particulate
matter of the open water column is deposited on sediment
surfaces. When decomposed in the sediment, Mo is released
into pore waters.

Despite more dynamic biogeochemical, sedimentologi-
cal, and hydrological conditions prevailing in intertidal
flats, trace metal features are comparables to those ob-
served in surface sediments of deep marine environments.
Seawater is exchanged at faster rates in tidal flat systems
than in diffusion controlled marine sediments. In order to
maintain the observed pore water profiles, rates of trace
metal cycling must be comparably large.

Site JS1 is an example of a permeable tidal flat system
where pore water exchange is dominated by tidal driven
pressure gradients rather than diffusion. Pore water sam-
pling at different times within one tidal cycle shows that
the pore water system close to tidal flat margin is affected
by advection down to about 3 m depth. During low tide
the hydraulic gradient between sea water and pore water le-
vel at tidal flat margins generates water flow (Fig. 9). After
being transported towards the creekbank, deep pore waters
from site JS1 may escape at the tidal flat margin during low
tide. Owing to the enrichment of specific elements like Mn
and V in pore water compared to sea water, seeping deep
pore waters may represent a season-independent source.
Mass balance calculations show that the impact of deep
pore water discharge to the Mn budget in the open water
column is presumably below 4% (Fig. 9). Mn deep pore
water discharge of the whole Wadden Sea is estimated to
be comparable to the Mn flux introduced to the Southern
North Sea by the Weser river. Thus, the contribution of
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freshwater contribution
to sea water Mn budget
winter :~92%

summer :~10%

tidal flat margin

surface pore water contribution
to sea water Mn budget
winter : ~4%

central parts summer : ~80%

» » * %
deep pore water contribution I‘E”U/ : A/
to sea water Mn budget 2 -
. Mo winter
winter : ~4% U summer
summer :~0.3% U winter

Mo summer

DOCY, Cr

M,

Fig. 9. Trace metal dynamics and pore water flow pattern in the Janssand tidal flat. Surface and deep pore water flow pathways are adapted
from Wilson and Gardner (2006) and Billerbeck et al. (2006). Mn mass balance estimates were conducted assuming a deep pore water flow of
50 1m?>” tide!, presumably the maximum flow rate of the study area. Freshwater, deep pore water, and surface pore water contributions to
the sea water Mn budget in the backbarrier area of Spiekeroog Island are shown. Trace metal and DOC depth profiles are shown
schematically emphasising characteristic features, however, do not reflect the correct element concentration levels.

deep pore water discharge from tidal flat sediments to
ocean budgets may be of significance.
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