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Abstract This study addresses deep pore water

chemistry in a permeable intertidal sand flat at the

NW German coast. Sulphate, dissolved organic carbon

(DOC), nutrients, and several terminal metabolic

products were studied down to 5 m sediment depth.

By extending the depth domain to several meters,

insights into the functioning of deep sandy tidal flats

were gained. Despite the dynamic sedimentological

conditions in the study area, the general depth profiles

obtained in the relatively young intertidal flat sediments

of some metres depth are comparable to those deter-

mined in deep marine surface sediments. Besides

diffusion and lithology which control pore water

profiles in most marine surface sediments, biogeo-

chemical processes are influenced by advection in the

studied permeable intertidal flat sediments. This is

supported by the model setup in which advection has to

be implemented to reproduce pore water profiles. Water

exchange at the sediment surface and in deeper

sediment layers converts these permeable intertidal

sediments into a ‘‘bio-reactor’’ where organic matter is

recycled, and nutrients and DOC are released. At tidal

flat margins, a hydraulic gradient is generated, which

leads to water flow towards the creekbank. Deep

nutrient-rich pore waters escaping at tidal flat margins

during low tide presumably form a source of nutrients

for the overlying water column in the study area.

Significant correlations between the inorganic products

of terminal metabolism (NH4
+ and PO4

3-) and sulphate

depletion suggest sulphate reduction to be the dominant

pathway of anaerobic carbon remineralisation. Pore

water concentrations of sulphate, ammonium, and

phosphate were used to elucidate the composition of

organic matter degraded in the sediment. Calculated

C:N and C:P ratios were supported by model results.
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Introduction

It has been demonstrated that sand flats with low

organic carbon contents have rates of organic matter
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remineralisation comparable to those of organic rich

muds (Rusch et al. 2006). The permeability of sand

facilitates advective pore water transport in contrast

to diffusion-controlled muddy sediments. Rapid

exchange between pore water and the overlying

water column has been identified as the most

important process responsible for enhanced reminer-

alisation rates and carbon cycling in sands. In both

sandy and muddy sediments water exchange in the

upper sediment layers is facilitated by bioturbation.

In sand flats, pore water flow in the upper decimetres

of permeable sandy sediments is further enhanced

due to pressure gradients. These are generated during

inundation by the interaction of bottom currents with

sediment topography like ripples (Huettel et al. 1996;

Huettel and Rusch 2000; Precht and Huettel 2004).

The induced pore water flow at the sediment surface

is an effective mechanism for rapid exchange of

oxygen (Ziebis et al. 1996; Precht et al. 2004; Rusch

et al. 2006), dissolved and particulate organic matter

(Huettel et al. 1996; Huettel and Rusch 2000; Rusch

and Huettel 2000; Rusch et al. 2001), and nutrients

(Caetano et al. 1997; Huettel et al. 1998) in perme-

able sediments. Consequently, advective pore water

exchange at the sediment surface leads to fast

recycling of organic matter and the removal of

metabolic products within a time range of hours and/

or days.

Processes of organic matter mineralisation were

described in numerous studies concerning deep marine

and coastal sediments. The dominant organic matter

mineralisation pathways vary depending on the avail-

ability of the electron acceptors oxygen, nitrate,

manganese oxides, iron oxides or sulphate. Nitrate

reduction is of minor importance (\10%) for C

oxidation in coastal sediments (Sørensen et al. 1979;

Canfield et al. 1993a). The contributions of manganese

and iron reduction to C oxidation are less frequently

determined. In many sediments their contributions are

small, but gain importance in Mn- or Fe-rich sediments

(Canfield et al. 1993b; Thamdrup and Canfield 1996).

Determinations of sulphate reduction rates in sedi-

ments are numerous and have shown that this pathway

accounts for 10–90% of the C oxidation in coastal

sediments (Jørgensen 1982; Thamdrup and Canfield

1996; Gribsholt and Kristensen 2003).

In tidal flat sediments, nutrients and dissolved

organic carbon (DOC) were examined by several

authors (Howes and Goehringer 1994; Böttcher et al.

1998; Böttcher et al. 2000; Jahnke et al. 2003; de Beer

et al. 2005; Kuwae et al. 2003; Billerbeck et al. 2006b;

Magni and Montani 2006; Murray et al. 2006; Weston

et al. 2006). However, there are few studies which

focused on these species in sediment depths exceeding

1 m. Charette and Sholkovitz (2006) determined

nutrients and DOC down to about 8 m depth in a

subterranean estuary of Waquoit Bay, USA, but

focused on trace elements. Concerning tidal flat

sediments, there is thus little knowledge about bio-

geochemical processes occurring in pore waters deeper

than the sediment surface. It is not known whether in

relatively young tidal flat sediments of some metres

depth, similar biogeochemical processes occur than in

surface sediments of deep marine environments.

In this study, sulphate, DOC, nutrients, and several

terminal metabolic products were for the first time

determined in pore waters down to 5 m depth in an

intertidal flat from the NW German coast. Pore water

analyses were complemented by a geochemical

characterisation of the sedimentary column required

to understand pore water profiles. In contrast to

previous studies which focussed on surface sedi-

ments, we try to decipher biogeochemical processes

and organic matter remineralisation pathways in deep

intertidal flat sediments. Biogeochemical processes

deduced from pore water results were verified by a

model setup.

Materials and methods

Study area

The Wadden Sea, located in the Southern North Sea,

forms one of the largest tidal flat areas of the world

extending for almost 500 km between Den Helder

(Netherlands) and Skallingen (Denmark). In North-

west Germany, the tidal flat area is located between

the coastline and a chain of barrier islands, which are

separated by tidal inlets. These inlets connect the

tidal flat areas with the open North Sea. The tidal flat

area itself is divided by a large main channels and

smaller secondary channels. Sampling was carried

out on the Eastern margin of the intertidal sand flat

Janssand, located in the backbarrier area of the Island

of Spiekeroog (53� 44,1830 N; 007� 41,9040 E;

Fig. 1). The study area is characterised by semi-

diurnal tides and a tidal range of 2.6 m (Flemming
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and Davis 1994). During high tide, the Janssand tidal

flat is covered by 1–2 m of water. It becomes exposed

to the atmosphere for approximately 6 h, depending

on tidal range and wind direction. The Janssand tidal

flat surface is almost horizontal, except for the margin

where the sediment surface slopes towards the main

tidal channel. During low tide the distance between

the sampling location and the water line is

approximately 70 m and the difference in altitude

amounts to about 1.5 m.

Sample collection

Pore water

Pore water sampling was carried out using in situ

samplers described in more detail in Beck et al. (2007).

Each sampler is composed of a polyethylene (PE) pipe

with sampling ports at different depths down to 5 m.

Teflon tubings link the sampling orifice to sampling

devices located at the sediment surface. Each in situ

pore water sampling system consists of two samplers.

The short sampler (1 m length) has 11 sampling ports

at 0.05, 0.07, 0.10, 0.15, 0.20, 0.25, 0.30, 0.40, 0.50,

0.75, and 1.0 m sediment depth. The long sampler (5 m

length) has 10 sampling ports located at 1.0, 1.25, 1.5,

2.0, 2.5, 3.0, 3.5, 4.0, 4.5, and 5.0 m sediment depth. At

the top of the sampler PE syringes can be connected to

the sampling system to extract pore water from the

sediment. Depending on sampling depth and diameter

of the teflon tubes, different volumes of pore water

were discarded before taking samples for analyses. All

samples were pre-filtered through nylon gauzes of 100

and 50 lm pore size located in front of the sampling

orifices and immediately filtered through 1.2 lm GF/C

filters after extraction.

Pore water samples were taken on April 25th, 2006

except for methane samples which were retrieved on

March 22nd, 2006. To elucidate organic matter

composition, data from May 2005 to June 2006 are

further used. Samples were analysed for nutrients

(NH4
+, PO4

3-, H4SiO4, NO3
-), sulphate (SO4

2-),

sulphide (H2S), methane (CH4), dissolved organic

carbon (DOC), total alkalinity (TA) and chloride (Cl-).

Furthermore, the pH value was measured on site using

an aliquot of the sample (pH/Cond 340i, WTW,

Weilheim, Germany). Samples for the analysis of

nutrients, TA, SO4
2-, and Cl- were stored in PE vials.

Samples for DOC analyses were acidified by adding

1 ml HCl (6 M) to 40 ml sample and stored in glass

bottles. All PE vials were pre-rinsed with ultrapure

water prior to use, while all glass bottles were acid

washed and rinsed with ultrapure water. All samples

were stored at 4–6 C until analysis. The determination

of nutrients was conducted the day after sampling.

For the determination of H2S, a certain volume of

sample, depending on the expected H2S concentration,

Fig. 1 (a) Study site in an intertidal sand flat (Janssand) in the

backbarrier area of Spiekeroog Island, Wadden Sea, Germany.

(b) Tidal flat topography
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was added to 5 ml of a 10 mM Cd-acetate solution

immediately after sampling. The addition of sample

was stopped when yellow fluffs of CdS started to

precipitate. Samples for CH4 analysis were filled from

the syringe into headspace vials with rubber septa and

aluminium crimp seals, and immediately frozen in the

field. Degassing of the sample has to be taken into

account because of pore water extraction by vacuum.

However, analyses of CH4 in sediment cores taken

close to the pore water sampling site showed similar

results suggesting that degassing is rather limited.

Sediment core

Within a distance of some metres to the pore water

samplers a sediment core was collected in April 2005.

An aluminium tube with a diameter of 8 cm was

driven into the sediment by a vibration corer to a

depth almost equivalent to the length of the sampler.

Sampling of the sediment core was carried out

depending on changes in lithology.

Pore water analysis

Nutrients

Nutrient concentrations (NH4
+, PO4

3-, H4SiO4,

NO3
-) were determined photometrically by methods

described in Grasshoff et al. (1999) using a spectro-

photometer (Spekol 1100, Analytik Jena). Samples

containing high concentrations of sulphide were

diluted to reduce the effect of sulphide on the formation

of coloured complexes, especially for the determination

of PO4
3- and H4SiO4. Total alkalinity was determined

by a spectroscopic method proposed by Sarazin et al.

(1999). Solutions containing known concentrations of

the analytes were used to check precision and accuracy

of the measurements. Precision/accuracy were 5.6%/-

2.5% for alkalinity (at 2.5 mM), 5.1%/-3.0% for NH4
+

(at 1 mM), 4.8%/1.2% for PO4
3- (21 lM), and 4.1%/

2.7% for H4SiO4 (at 142 lM).

Sulphate

SO4
2- was analysed by ion chromatography (Dionex

DX 300) in a 250-fold dilution, with standard

Atlantic Seawater (Salinity 35.0 (± 0.2%); OSIL,

UK) used to control the precision (3.0%) and

accuracy (-5.3%) of the measurements.

Sulphide

For the analysis of H2S the solution containing the

yellow CdS precipitate was filtered through a 0.2 lm

syringe filter. The filter was washed with 5 ml 1% (v/

v) formic acid and 10 ml ultrapure water to dissolve

Cd carbonates also retained on the filter and to remove

any excess Cd that did not react with H2S. The yellow

precipitate on the filter was dissolved by adding 10%

HCl (v/v), and the filtrate was made up to a constant

volume. Cd was analysed by FAAS (Perkin Elmer

AAS 4100) and the H2S concentration in the samples

was calculated based on the Cd concentrations

measured as well as CdS stoichiometry.

Dissolved organic carbon

DOC was analysed by high temperature catalytic

oxidation using a multi N/C 3000 analyser (Analytik

Jena, Jena, Germany). Prior to the determination of

DOC, the acidified samples were purged by synthetic

air to remove any dissolved inorganic carbon. Potas-

sium hydrogen phthalate solutions were used for

external calibration and to control precision and

accuracy of the measurements. Precision was better

than 2.4% and accuracy better than 1.9%.

Chloride

Cl- was determined by micro titration using a 0.1

mM AgNO3 solution to titrate a solution composed of

100 ll sample, 5 ml ultrapure water and 100 ll of a

K-chromate/-dichromate solution (4.2 g and 0.7 g,

respectively, dissolved in 100 ml ultrapure water).

Standard sea water of salinity 30.005 (OSIL, UK)

was used to control the precision (0.41%) and

accuracy (-0.11%) of the measurements.

Methane

For measuring methane concentrations, gas from the

headspace of the bottles was injected into a CX-3400

gas chromatograph (Varian, Darmstadt, Germany)

equipped with a capillary column (plot-fused silica

column no. 7517, 25 m by 0.53 mm, Al2O3/KCl

coated; Chromopack, Middelburg, The Netherlands)

and measured by a flame ionisation detector. Accu-

racy (2.9%) and precision (13.9%) were controlled by

a 100 ppmv standard of methane.
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Sediment analysis

XRF

Sediment samples were freeze dried and homogen-

ised in an agate mill. All samples were analysed for

the elements Si, Al, Ti, and Zr by XRF using a Philips

PW 2400 X-ray spectrometer. 600 mg of sample were

mixed with 3600 mg of a mixture of dilithiumtetrab-

orate/lithiummetaborate (50% Li2B4O7/50% LiBO2),

pre-oxidised at 500� C with NH4NO3 (p.a.), and fused

to glass beads. Analytical precision and accuracy

were better than 5% for all elements.

Bulk parameters

Total carbon (TC) and total sulphur (TS) were

determined using an 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. Total nitrogen (TN) was analysed by an

Carlo Erba Element Analyser EA 1108. Precision and

accuracy of TC and TIC analyses were better than 3%

and 1%, respectively.

Calculation of sulphate depletion, C:N, and C:P

ratios

Sulphate depletion

The SO4
2- depletion in pore waters was calculated

using the concentrations determined for the specific

sediment depths (Sholkovitz 1973; Weston et al.

2006). The depletion in SO4
2- reflects the net amount

of SO4
2- consumption, presumably via bacterial

SO4
2- reduction, and was calculated according to

SO2�
4

� �
Dep
¼ Cl�PW

� �
� RSWð Þ�1

h i
� SO2�

4

� �
PW

ð1Þ

where (SO4
2-)Dep is the SO4

2- depletion, (Cl-)PW

and (SO4
2-)PW are the pore water concentrations of

Cl- and SO4
2-, and RSW is the molar ratio of Cl- to

SO4
2- in surface sea water (RSW = 19.33). A hypo-

thetical SO4
2- concentration at a specific depth

interval is calculated by using Cl- data. Slight

changes in salinity due to rain or fresh water input

are thus compensated. The difference between the

hypothetical and the measured SO4
2- concentration

forms an estimate for the metabolic amount of SO4
2-

reduction.

Ratios

Carbon to nitrogen (C:N) and carbon to phosphorus

(C:P) stoichiometry of the organic matter degraded

was estimated by regression analysis of (SO4
2-)Dep

against NH4
+ and PO4

3- and multiplying the ratios

of (SO4
2-)Dep to NH4

+ and PO4
3- by a factor of 2.

This estimation is based on the assumption that the

ratio of C to SO4
2- is 2:1 if the oxidation of organic

matter is coupled to sulphate reduction according to

the equation

CH2Oð Þ106 NH3ð Þ16H3PO4 þ 53SO2�
4 þ 14Hþ

! 53H2Sþ 16NHþ4 þ H2PO�4 þ 106HCO�3 ð2Þ

where organic matter composition follows the Red-

field relationship. Using the Redfield formula

represents an approximation. The formula is based

on living marine phytoplankton and is thus uncertain

for buried organic matter (Sholkovitz 1973). A

further approximation is the estimation of the

C:SO4
2- ratio in the pore water samples by a

regression analysis of (SO4
2-)Dep against TA. Dis-

solved inorganic carbon (DIC) should be used for the

determination of the C:SO4
2- ratio. Calculating DIC

concentrations by using a program developed for CO2

system calculations (Lewis and Wallace, 1998)

revealed that TA equals DIC except at 5 m depth

where a slight pH decline is observed (Fig. 5). The

use of TA instead of DIC has thus very minor

implications for the results. TA concentrations are

used for regression analyses because of missing pH

values for some sampling campaigns. All ratios were

further corrected by the appropriate diffusion coeffi-

cients described by Boudreau (1997) for HCO3
-,

SO4
2-, NH4

+ and PO4
3-. The C:N ratio of the

organic matter being mineralised was estimated from

the linear regression of TOC against TN determined

in sediment samples of April 2005.

Model setup and pore water modelling

Pore water modelling was conducted to reproduce the

observed pore water profiles under the assumption of

advective pore water flow. The applicability of the

Biogeochemistry (2008) 89:221–238 225
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regression technique for sites with advective lateral

exchange was further evaluated by comparing the

respective C:N:P ratios with those of in situ decom-

posing organic matter in the model setup. For

modelling the pore water profiles, the generic com-

puter model ISM (integrated sediment model) was

used (Wirtz 2003). It is a partial differential equation

model describing diffusive transport and biogeo-

chemical processes in aquatic porous media. The

redox processes are conducted by functional groups

of bacteria and bacterial growth is simulated. The

model description is confined to the capabilities of

the model that have been applied in this study. The

model is implemented in C++ and solved using a 3rd

order Runge Kutta integration method.

In the model setup an idealised sediment column is

considered, which is free of organic matter in the

upper part (0–2.5 m) and contains 1% TOC in the

lower part (2.5–5 m) (Fig. 2). The model column is

composed of 20 boxes with slightly higher resolution

near the surface (Fig. 2). At 3.5 m depth horizontal

advection is simulated. Above the advective layer is a

zone rich in labile organic matter. Apart from this

zone, organic matter is refractory. The shapes of the

pore water profiles are controlled by organic matter

degradation and subsequent nutrient release to pore

waters, by diffusion and advective flow. The model

was calibrated to fit the observed pore water profiles

by varying advection intensity, rate of decay, and

C:N:P ratios of labile and refractory organic matter.

Model fitness was evaluated after the model reached

its steady-state.

Special emphasis was put on the organic matter

remineralisation process (Fig. 3). According to Boud-

reau (1992), particulate organic carbon (POC) exists

in two qualities (POC1 is labile and POC2 is

refractory). POC hydrolysis is implemented as a first

order decay process depending on ambient temper-

ature T via the nonlinear Q10 temperature term after

van’t Hoff’s rule. Upon hydrolysis, NH4
+, PO4

3-,

and H4SiO4 are released according to the quality-

class specific C:N:P:Si ratios. The carbon is distrib-

uted to the DOC pools (labile and refractory)

0

1

2

3

4

5

D
ep

th
 [m

]

0% TOC

OM

refractory

1 % TOC

labile OM

Advection

Fig. 2 Sketch of model sediment column. The upper part is

free of organic matter (OM). The lower part contains 1 % total

organic carbon (TOC), most of which is refractory (grey),

however, there is a layer of labile OM around 2.8 m depth.

Advection is indicated by arrows. The division into 20 boxes is

indicated by lines

Fig. 3 Organic matter degradation scheme of the integrated

sediment model. POC quality classes are converted to DOC

classes according to the distribution vectors. Upon hydrolysis,

nutrients are released. The distribution scheme may be

extended by further POC classes (grey and dashed arrows).

DOC is separated into high and low molecular weight DOC

(DOC-H and DOC-L). Larger molecules (DOC-H) can only be

degraded by aerobic heterotrophs or must be converted to

smaller units (DOC-L) by fermenting bacteria. All heterotro-

phic functional groups can use DOC-L for catabolic processes

226 Biogeochemistry (2008) 89:221–238

123



according to the distribution vectors. The effect on

cross distribution is indicated in light grey dashed

arrows. Each DOC quality class is split into high and

low molecular weight DOC (DOC-H and DOC-L) by

a global fractioning coefficient. DOC-H can be

degraded by aerobic heterotrophs to CO2 or by

fermenting bacteria to DOC-L. DOC-L acts as an

electron donor for all six heterotrophic functional

groups of bacteria Abacm (m = 1–6) for catabolic

processes according to the scheme of Froelich et al.

(1979). The POC hydrolysis rate is proportional to

the POC mass to the power of 2/3 because enzymatic

processes depend on the surface of organic particles,

which is simplified as sphere. POC hydrolysis is

further enhanced by enzymatic activity that relates to

the abundances of active bacteria Abacm and their

specific yield factor on DOC. The POC hydrolysis

rate of concentration CPOC with the quality j is

C
:

POC;j ¼ �
ð1� /Þ

/
� QðT�TSÞ=10

10 � C2=3
POC;j � rj

� 1þ h �
X6

m¼1

ym � Abacm

 !

ð3Þ

were / is the porosity, rj the specific rate constant (1/

d) for quality j, and h the enzymatic enhancement

coefficient. Further parameters are summarised in

Table 1. Due to the steady-state requirement, bacte-

rial biomass only shows small variations resulting

from the annual temperature cycle. Thus, the enzy-

matic enhancement term in Eq. 3 (in brackets)

becomes nearly constant. In the zone of labile

organic matter, approximately 30% of the POC

hydrolysis rate relates to enzymatic enhancement,

while in the organic matter free zone there is no

enhancement.

Diffusion is implemented according to Fick’s

second law. Diffusion coefficients are used according

to Boudreau (1997). Since horizontal chemical gra-

dients as well as horizontal flow velocities at the

study site are unknown, a one dimensional column

setup was chosen to limit uncertainties in model

calibration. In this setup, advective flow is realised by

a surrogate process. Non-local transport is a suitable

substitute for advection since it connects a box

directly to a pool of water which exhibits the

concentrations C0 of the species i. Instead of flow

velocity, the controlling parameter is the dilution

coefficient b.

C
:

i ¼ b ðC0;i � CiÞ: ð4Þ

The best fit to the field data was obtained by using

a dilution coefficient of 0.005 1/d, which implies a

turnover of the zone of pseudo-advection in 200 days.

The model, however, is fairly insensitive to the

dilution coefficient. A variation by one order of

magnitude resulted in no principal change of profile

shapes (not shown). The concentrations of introduced

water were derived from pore waters of central parts

of the tidal flat because pore water presumably flows

from the central parts towards the margins of tidal

flats. The concentrations applied in the model are

average pore water concentrations determined at 17

different depths down to 3.5 m at a location in the

central part of the tidal flat (23 mM SO4
2-, 1.0 mM

H2S, 0.4 mM DOC, 0.4 mM NH4
+, 0.5 mM PO4

3-

and 0.2 mM H4SiO4). Seasonal sea water concentra-

tions measured in the backbarrier area of Spiekeroog

are used as upper boundary conditions for the

modelled column stem (unpublished data). At the

lower boundary, concentrations are kept constant

reflecting the quasi-linear gradients of pore water

species in the lower part of the column.

Results

Sediment geochemistry

Higher amounts of coarse-grained quartz are reflected

by enrichments in SiO2, whereas higher clay contents

are characterised by enrichments in Al2O3. At the

sampling site the SiO2 content of the sediment

exceeds 80% down to 1.8 m depth, whereas below

SiO2 contents vary between 60% and 90% (Fig. 4). In

Table 1 Parameters of the model setup

Parameter Symbol Value

Sediment temperature T Time series (Beck

et al. 2008)

Standard temperature TS 294 K

Temperature increase reaction

factor

Q10 2

Specific rate constant for labile

organic matter

r1 8.0 9 10-6 1/d

Specific rate constant for

refractory organic matter

r2 1.9 9 10-6 1/d

Porosity / 0.5
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depths exceeding 1.8 m, the Al2O3 content ranges

from about 3 to 9%. The lithology is thus composed

of sandy sediment intermingled by clay lenses down

to 3 m depth, a clay layer at 3 m depth, a sandy layer

below and clayey sediments at depths exceeding 4 m

depth. Additional Al2O3 rich intervals shown in

Fig. 4 reflect very thin clay layers or lenses. Due to

lithological inhomogeneity in the sampling area, the

lithology of the sediment core presumably differs

slightly from the lithology at the pore water sampling

site. The lithological structure of the sediment core,

however, reproduces well the general sequence of

sediment layers typically found in the sampling area.

The content of total organic carbon (TOC) varies

between 0.04% and 2.4% with the highest values

found in clay-rich layers (Fig. 4). These TOC con-

tents are typical for sediments in the study area

(Dellwig et al. 2000). TOC shows positive correla-

tions with clay content indicating the importance of

organic matter sorption onto clay particles for

preservation of both marine and terrestrial organic

matter (Baldock et al. 2004; Mayer 1994; Delafon-

taine et al. 1996).

The elements Ti and Zr are indicators of the

energetic conditions prevailing during the deposition

of the sediment. In Fig. 2, Ti/Al and Zr/Al ratios are

displayed instead of Ti and Zr contents. Normalisa-

tion to Al eliminates dilution effects caused by

quartz, carbonates, and organic matter. Any deviation

from average shale composition (Wedepohl 1971) is

easily recognised in element/Al ratios. High Ti/Al

and Zr/Al ratios point towards elevated heavy

mineral contents (e.g. ilmenite, rutile, zircon), which

are found in layers deposited under high current

velocities. Clay minerals in contrast are deposited

during low energy conditions. At our sampling site,

the depth profiles of Ti/Al and Zr/Al show that the

depositional conditions changed frequently, in accor-

dance with the very dynamic nature of the

backbarrier tidal flat area. The time span needed for

the sedimentation of the studied layers may differ

significantly. For instance, sediment redistribution

may occur due to wave action during storms (Chang

et al. 2006a, b; Christiansen et al. 2006).

DOC, sulphate, and metabolic products in pore

waters

The depth trends of sulphate, DOC, nutrients, several

metabolic products, chloride, and pH (Fig. 5) are

typical for the sampling site and were chosen as

representative example for the sampling period from

May 2005 to June 2006. Concentrations change to

some extent within the sampling period of 1 year,

however the trends with depth remain the same.

Concentrations of Cl- vary around 500 mM over

the entire depth profile with a minimum concentra-

tion of 480 mM at 0.75 m depth. Consequently, no

subterranean fresh water contribution from the nearby

mainland influences the salinity at the sampling site.

The pH values vary between 7.8 in the upper part of

the sediment and 6.9 at 5 m depth.

Fig. 4 Depth profiles of parameters characterising the lithol-

ogy at the sampling site in an intertidal sand flat. The

continuous lines in Ti/Al and Zr/Al figures indicate the

geogenic background (Wedepohl 1971). The grey bars

highlight the clay rich layers of the sediment profile. Depths

of about 1.5 to 2.5 m are marked with a hatched area because

the lithological description shows that the sediment is

predominantly sandy, with very thin clay layers
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Nitrate pore water concentrations are below 1 lM

except at 5 cm depth where a concentration of 5.6 lM

is determined. In contrast, sea water of the study area

shows higher NO3
- concentrations ranging from

about 80 lM at the beginning of April to about 5 lM

in May and June 2006 (Grunwald et al. 2007). The

slightly elevated NO3
- pore water concentration at 5

cm depth is either due to sea water introduced into the

sediment, bioirrigation and/or nitrification. The gen-

erally low NO3
- pore water concentrations imply that

sea water NO3
- introduced into surface sediments is

rapidly denitrified.

Sulphate concentrations are close to the sea water

value of 26 mM (at salinity 31 in the Wadden Sea) in

the upper part of the sediment, followed by a decrease

in SO4
2- concentration. At a sediment depth of 5 m

very low concentrations of SO4
2- remain. Sulphate

reducers were successfully identified in the study area.

Sulphate reduction rates are in the low nM cm-3 d-1

range and reach up to 1 lM cm-3 d-1 in surface

sediments of the backbarrier area of Spiekeroog Island

(Böttcher et al. 2000; Wilms et al. 2006a,b). In tidal

flats with mixed sand and clay composition, sulphate

reduction rates remain in the low nM cm-3 d-1 range

Fig. 5 Pore water profiles

of Cl-, pH, NO3
-, SO4

2-,

H2S, CH4, H4SiO4, TA,

NH4
+, PO4

3-, and DOC at

the sampling site in an

intertidal sand flat of the

backbarrier area of

Spiekeroog Island (April

2006; CH4 March 2006).

DIC concentrations were

calculated using TA and pH
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even in some metres depth (Wilms et al. 2006b).

These values are comparable to sulphate reduction

rates determined in other tidal flat systems (Kristensen

et al. 2000; Gribsholt and Kristensen 2003).

Sulphide is the terminal metabolic product of

sulphate reduction. In the sediment the concentration

of sulphide is influenced by the formation of the iron

sulphides FeS and FeS2 (Howarth and Jørgensen

1984; Moeslund et al. 1994). In the study area, the

formation of iron sulphides leads to low sulphide

concentrations in the upper metres of the sediment.

Modelled sulphide concentrations are higher than

measured ones because the process of iron sulphide

formation is not implemented in the model setup

(Fig. 6). Modelling thus confirms the precipitation of

iron sulphides. To a small extent sulphide oxidation

to sulphate may occur in these layers as well

(Thamdrup et al. 1993). Sulphide concentrations do

not constantly increase with decreasing sulphate

concentrations. At 3 m depth, the sulphide concen-

tration is high, although sulphate shows little

depletion. This finding cannot be fully explained

and is not reproduced in the model setup (Fig. 6). It

may be due to entrapment of sulphide in or below a

less permeable clay-rich sediment layer.

Methane shows concentrations of about 5 lM at

the sediment surface, and increases to about 100 lM

at greater depths. Methane concentrations already

start to increase in a sediment depth of about 1 m,

where high sulphate concentrations are still found.

This illustrates the coexistence of sulphate reducers

and methanogens (Wilms et al. 2006a), and most

Fig. 6 Modelled

(continuous line) and

measured (points) pore

water profiles. Same

samples as in Fig. 3. To test

for sensitivity of the pore

water profiles to organic

matter composition,

simulations were conducted

with Redfield ratios

increased and decreased by

50% (dashed lines)
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notably, the upward diffusion of methane from its

depth of production below 5 m depth towards the

sediment surface.

At the sampling site, the sandy sediment surface is

covered by ripples leading to advective pore water

flow at the sediment surface (Huettel et al. 1996,

Huettel and Rusch 2000). Thus, organic material is

easily introduced into the upper layer of the sandy

sediments and subsequently degraded aerobically and

anaerobically. The degradation products are either

used by microorganisms for their metabolism, take

part in other biogeochemical reactions or become

enriched in pore waters. The enrichment of DOC,

NH4
+, PO4

3-, and TA with depth reflects the

decomposition of organic matter. The increase in

H4SiO4 concentrations mirrors the dissolution of

biogenic silica. At shallower depths, where exchange

between pore water and overlying water column

occurs, these species show concentrations only

slightly higher than in the sea water of the study

area (Schnetger et al. 2001; Dellwig et al. 2007;

Grunwald et al. 2007). In the model setup, exchange

processes between sediment layers of some decime-

tres depth and the overlying water column are not

considered. Therefore, measured concentrations are

lower than modelled ones in the upper metre (Fig. 6).

Stoichiometry of organic matter degradation

(SO4
2-)Dep is positively correlated with TA, NH4

+,

PO4
3-, and DOC. In Fig. 7A the correlations are

displayed for samples taken in April 2006. To support

these results, regression analyses were performed for

all samples taken throughout 1 year from May 2005

until June 2006 (Fig. 7B). The ratio of TA:(SO4
2-)Dep

is 1.7 for samples from April 2006 and changes only

slightly if all samples analysed during a 1 year period

are taken into account (Table 2). This ratio is close to

the expected C:(SO4
2-)Dep ratio of 2, based on

Redfield ratios and the assumption that organic

matter is degraded by sulphate reduction. Methano-

genesis is presumably responsible for organic matter

degradation besides sulphate reduction at the study

site, however to a much smaller extent. Estimates of

the C:N ratio of degraded organic matter are 3.1

regarding samples of April 2006 and 2.8 for samples

obtained during the whole sampling period of 1 year

(Table 2). The C:P stoichiometry is 76 for samples

from April 2006 and 104 for all samples. The

modelled C:N and C:P ratios are 3.5 and 77,

respectively (Table 2).

Discussion

Terminal metabolic pathways

The oxidation of organic matter in sediments is

coupled to electron acceptors, and thus depends on

their reactivity and availability. Aerobic respiration is

followed by nitrate reduction, reduction of MnIV and

FeIII oxides, sulphate reduction and finally methano-

genesis (Froelich et al. 1979). Based on the

availability of SO4
2- compared to other electron

acceptors, sulphate reduction dominates anaerobic

carbon oxidation in marine subsurface sediments

(Jørgensen 1982).

In this study, pore water profiles are used to

evaluate the pathways of organic matter degradation

in an intertidal flat, with focus on depths exceeding

1 m. At the study site bottom flow interacting with

sediment ripples generates an intrusion of oxygenated

water into the sediment surface. The surface layer

where organic matter is remineralised aerobically

thus extends to some centimetres depth (Billerbeck

et al. 2006b). Nitrification, denitrification, and nitrate

reduction seem to be closely coupled to each other in

the surface sediment leading to low NO3
- concen-

trations over the entire depth profile. Assuming that

oxygen respiration and denitrification are restricted to

sediment layers containing measurable oxygen and

nitrate, these two processes are confined to the upper

few centimetres of the sediment.

The tight coupling of products of organic matter

degradation like NH4
+, and PO4

3- with (SO4
2-)Dep

suggests that in anoxic sediment layers the organic

matter is mainly degraded by sulphate reduction

(Fig. 7). Sulphate concentrations remain at high

levels down to 3.5 m depth and do attain concentra-

tions close to zero only at 5 m depth. Sulphate

reducing bacteria can metabolise labile organic

matter when sulphate concentrations are exceeding

*1 mM (Alperin et al. 1994). Except at 5 m depth,

enough sulphate is thus available as terminal electron

acceptor for sulphate reducing bacteria. Pore water

advection within the sediment may lead to an

underestimation of the sulphate reduced in the
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sediment. The relatively constant sulphate concen-

trations in the permeable sandy layers down to 2 m

depth point towards a replenishment of sulphate by

sea water and/or pore water from central parts of the

tidal flat. Nevertheless, the general conclusion con-

cerning the importance of sulphate reduction for

anaerobic organic matter degradation remains valid.

Weston et al. (2006) drew similar conclusions

regarding the relevance of organic matter remineral-

isation pathways for intertidal creek-bank sediments

in Georgia and South Carolina, USA.

A conclusion about the depth of methane produc-

tion can hardly be drawn. Due to concentration

gradients and pressure fluctuations induced by tidal

cycles, methane will supposedly migrate slowly from

its depth of production towards the sediment surface.

Fig. 7 Ratios of DOC, TA,

NH4
+, and PO4

3-

concentrations to

(SO4
2-)Dep concentrations.

Best-fit linear regressions

are calculated for samples

from April 2006 separately

(A) and for all samples

taken from May 2005 till

June 2006 (B)
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The main zone of production may be located below 5

m depth where sulphate is depleted. In spite of minor

methanogenesis occurring in sediment layers down to

5 m depth, sulphate reduction dominates anaerobic

organic matter remineralisation. This conclusion is

supported by the model results. Depth profiles of

sulphate, DOC, and nutrients are reproduced in the

model setup where sulphate reduction was assumed

to be the anaerobic remineralisation process (Fig. 6).

Organic matter remineralisation

DOC concentrations correlate very well with

(SO4
2-)Dep, with maxima in the zone of maximum

sulphate depletion (Fig. 7). However, it is not evident

if this correlation is reflecting a single biogeochem-

ical process involving DOC and SO4
2-. Hydrolysis

and fermenting microorganisms could have converted

organic matter leading to the production of refractory

and labile DOC, whereas the labile part is used by

sulphate reducers (Böttcher et al. 1997; Rusch et al.

1998).

The organic matter mineralised at the sampling

site is richer in N and P than expected from the

Redfield ratio (Table 2). The C:N and C:P ratios

according to Redfield are 6.6 and 106, respectively.

We assume that the regression technique yields

valuable results, although certain sediment layers

are influenced by advection. Advection mainly occurs

in sediment layers above 3 m depth and to a small

extent at 3.5 m depth. Regression analyses are

however dominated by pore water results from below

3 m depth where sulphate depletion of more than 4

mM is calculated and advection is of minor

importance.

The deviation from the Redfield ratios does not

represent a completely unexpected finding as the

Redfield ratio is based on average oceanic relation-

ships. In intertidal creek bank sediments of South

Carolina and Georgia (USA), C:N ratios as low as 3.4

were determined (Weston et al. 2006). The results

further suggest that organic matter components

containing nitrogen are degraded with higher priority.

This finding is in accordance with Weston et al.

(2006) who found preferential hydrolysis of particu-

late organic nitrogen relative to particulate organic

carbon when organic matter mineralisation rates are

high. In our study area, suspended particulate matter

determined in the open water column has an average

C:N ratio of 7.8 (Lunau et al. 2006). This suspended

matter is partly incorporated into the sediment and in

the following degraded by microorganisms (Huettel

et al. 1996; Huettel and Rusch 2000; Rusch and

Huettel 2000). The C:N ratio of about 3 calculated

based on metabolic products in pore water is thus

lower than the ratio determined for suspended

particulate matter in the open water column suggest-

ing preferential degradation of nitrogen containing

compounds in the sediment. The C:N ratio of 8.6

determined for the organic matter in the sediment

supports this hypothesis. It reflects an enrichment of

carbon in sedimentary organic matter compared to

suspended particulate matter.

Anaerobic oxidation of methane may occur in the

sediment to a certain degree (K. Bischof, pers.

commun.). This process consumes sulphate (Hensen

et al. 2003) which would have led to an overestima-

tion of the respiratory sulphate reduction. However,

reducing the calculated sulphate depletion would

result in even lower C:N ratios. Furthermore, ratios

estimated from sulphate depletion and total alkalinity

are similar suggesting that anaerobic oxidation of

methane is unimportant in the upper 5 m of the

sediment.

Modelling our pore water profiles results in C:N

and C:P ratios similar to those calculated by regres-

sion analysis (Table 2). In the model, the

unexpectedly high PO4
3- concentration at 2.5 m

Table 2 Stoichiometry during organic matter degradation

estimated from slopes of pore water concentrations of total

alkalinity TA and sulphate depletion (SO4
2-)Dep against NH4

+

and PO4
3- concentrations for samples of April 2006 and for

samples taken from May 2005 to June 2006

C:SO4
2- C:N C:P

Suspended particulate matter 7.8a

Sediment April 2005 8.6

Pore water April 2006

TA 1.7 3.2 77

(SO4
2-)Dep 3.0 75

Pore water model April 2006 3.5 77

Pore water May 2005–June 2006

TA 1.8 2.8 106

(SO4
2-)Dep 2.7 101

The ratios of suspended particulate matter and the ratios

derived from modelling pore water profiles are further

displayed
a Lunau et al. (2006)
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depth is disregarded. The exclusion of this PO4
3-

concentration in the model setup seems to be of

importance. Regression analysis (SO4
2-)Dep against

PO4
3- without the PO4

3- concentration at 2.5 m

depth does not result in a significantly different C:P

ratio. The estimations of C:N and C:P ratios by

regression analysis are thus supported by the model

results. In simulations, Redfield ratios were increased

and decreased by 50% to test the sensitivity of the

depth profiles to Redfield composition (Fig. 6) Due to

the relative proximity of the advective to the reactive

layer, the pore water profiles of NH4
+, PO4

3- and

H4SiO4 are somewhat insensitive to variable Redfield

ratios. This limits its use for validating the applica-

bility of the regression technique but the robustness

of the resulting pore water profiles supports the

hypothesis of the advective layer.

Pore water profiles

Pore water depth profiles are controlled by biogeo-

chemical, sedimentological, and hydrological

processes. In general, sulphate, DOC, nutrients, total

alkalinity, methane, and sulphide show either an

increase or decrease with depth depending on

whether the species are consumed or produced during

organic matter remineralisation (Fig. 5). Despite the

dynamic sedimentological conditions in the study

area, the general depth profiles determined in the

relatively young intertidal flat sediments of some

metres depth are comparable to those of deep marine

surface sediments (Sholkovitz 1973; Canfield et al.

1993a,b; Thamdrup and Canfield 1996; Mäkelä and

Tuominen 2003).

At the study site, concentration gradients do not

always increase or decrease continuously with depth.

At depths exceeding 3.5 m, sulphate shows a stronger

depletion with depth than in the overlying sediment

layers, whereas DOC, ammonium and phosphate

exhibit a more pronounced enrichment. This is

probably due to a displacement of the tidal flat

margin. Within 14 years the eastern tidal flat margin

of the Janssand was displaced about 100 m to the east

(B.W. Flemming pers. comm.) suggesting that the

sampling site may formerly have been located close

to the low tide water line in contrast to its recent

position 75 m afar from it. In the study area, tidal flat

margins show a high microbial activity, especially

near the low tide water line, resulting in high nutrient

concentrations (Billerbeck et al. 2006b). Sediments at

depths exceeding 4 m which show enrichments in

nutrients and DOC thus probably formed part of the

former tidal flat margin.

In permeable sediments, pore water depth profiles

may be further influenced by pore water advection. In

several studies, advection processes were described

in tidal flat sediments (Whiting and Childers 1989;

Howes and Goehringer 1994; Billerbeck et al. 2006a,

b; Wilson and Gardner 2006). All these studies were

carried out close to tidal flat margins where at low

tide a hydraulic gradient is generated between the

pore water level in the tidal flat and the water level in

the tidal creek. There is evidence that advection

occurs in specific sediment depths at our sampling

site. For example, NH4
+ shows an unexpected low

concentration at 3.5 m depth. The sediment is

lithologically composed of layers with different

porosities and permeabilities. At 3.5 m depth, a

sediment layer which is more permeable than the

layers above and below promote water flow. In the

sediment core this permeable layer is geochemically

identified as a sandy layer below 3 m depth owing to

its high SiO2 content. The depth of the permeable

layer in the sediment core does not exactly match the

depth of low NH4
+ concentrations at the pore water

sampling site due to slight compression of the

sediment core during vibration coring. The NH4
+

depth profile thus implies that NH4
+ concentrations

at 3.5 m depth are influenced by deep pore water

advection. The NH4
+ minimum at 3.5 m depth may

be caused by channelled pore water flow from central

parts of the sand flat where average NH4
+ concen-

trations of about 0.4 mM are determined down to 3.5

m depth. DOC and total alkalinity further show lower

concentrations at 3.5 m depth compared to intervals

above and below. In the model setup, the shape of the

pore water profiles is well reproduced when non-local

transport is implemented in the model as surrogate

process for advection at 3.5 m depth. The only

exceptions are the sulphide concentration at 3 m

depth and the PO4
3- concentration at 2.5 m depth.

The model results thus support the hypothesis that

pore water exchange processes are influenced by

advection besides diffusion.

At tidal flat margins, pore water flow generated by

a hydraulic gradient may lead to the release of pore

waters from creekbanks. This may have an impact on

the chemistry of the overlying water column. In the
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backbarrier area of Spiekeroog Island, PO4
3- and

H4SiO4 sea water concentrations vary depending on

the state of the tidal cycle with higher concentrations

being determined during low tide (Fig. 8). In the

study area, concentrations in deep pore water are 10–

1000 times higher than in sea water (Liebezeit et al.

1996; Schnetger et al. 2001; Grunwald et al. 2007).

Pore water seepage at the tidal flat margin thus may

explain increases in PO4
3- and H4SiO4 concentra-

tions in sea water during low tide. Our pore water

concentrations determined several metres afar from

the low tide water line do not completely equal those

of seeping pore waters at the tidal flat margin.

However, the results of our study give first insights

into deep pore waters, which may be horizontally

transported towards the tidal flat margin where they

seep out of the sediment. Close to the low tide water

line at the tidal flat margin, where most of the pore

water seeps are found, the oxic layer of the sediment

surface is very thin or even lacking. This suggests

that the seeping pore waters may chemically only

slightly be modified before entering the overlying

water column.

Fresh water, which occasionally flows into the

backbarrier area during low tide via a flood gate, may

additionally represent a nutrient source. At the flood

gate of Neuharlingersiel (Fig. 1) the average PO4
3-

and H4SiO4 concentrations determined in 2002 and

2003 were 4 lM and 110 lM, respectively (at

salinities about 1). Fresh water concentrations are

lower than deep pore water concentrations (Fig. 5)

and fresh water does not flow into the backbarrier

area during every low tide. Fresh water thus

presumably releases a smaller amount of nutrients

into the backbarrier area compared to pore water.

Conclusions

For the first time, biogeochemical processes are

described in tidal flat sediments of some metres

depth. Despite the dynamic sedimentological condi-

tions in the study area, the general depth profiles

obtained in the relatively young intertidal flat sedi-

ments of some metres depth are comparable to those

determined in deep marine surface sediments. Lith-

ological and hydrological conditions however exert

influence on sulphate, DOC, and nutrient pore water

profiles. In some sediment layers advective flow

occurs besides diffusive transport. Due to the hydrau-

lic gradient generated at tidal flat margins during low

tide between the pore water level and the water level

in the tidal creek, pore waters rich in remineralisation

products are transported towards the tidal flat margin.

The release of these nutrient-rich pore waters at

creekbanks may account for the increase in sea water

nutrient concentrations in the study area during low

tide.

Sulphate reduction has been identified as the most

important pathway for anaerobic organic matter

remineralisation. Pore water concentrations of sul-

phate, ammonium, and phosphate have been used to

elucidate the composition of organic matter degraded

in the sediment. The calculated C:N and C:P ratios

are below the Redfield ratio. Preferential hydrolysis

of particulate organic nitrogen relative to particulate

Fig. 8 Sea water PO4
3-

and H4SiO4 concentrations

determined at a monitoring

station in the backbarrier

area of Spiekeroog Island in

May 2006. The dashed line

indicates the tidal variations

of the sea water level

Biogeochemistry (2008) 89:221–238 235

123



organic carbon may explain the low C:N ratios of

about 3. Model results support the results concerning

the composition of remineralised organic matter and

the importance of sulphate reduction as the dominant

anaerobic remineralisation process.
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Chang TS, Bartholomä A, Flemming BW (2006b) Seasonal

dynamics of fine-grained sediments in a back-barrier tidal

basin of the German Wadden Sea (Southern North Sea). J

Coast Res 22:328–338. doi:10.2112/03-0085.1

Charette MA, Sholkovitz ER (2006) Trace element cycling in a

subterranean estuary: Part 2 Geochemistry of the pore

water. Geochim Cosmochim Acta 70:811–826. doi:

10.1016/j.gca.2005.10.019

Christiansen C, Vølund G, Lund-Hansen LC, Bartholdy J

(2006) Wind influence on tidal flat sediment dynamics:

field investigations in the Ho Bugt, Danish Wadden Sea.

Mar Geol 235:75–86. doi:10.1016/j.margeo.2006.10.006
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