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Abstract

We conducted four field campaigns to evaluate benthic O, consumption and the effect of advective pore-water
flow in nearshore permeable sediments in the North Sea and Baltic Sea. Advective pore-water transport had
a marked effect on the benthic exchange of O, and TCO, in benthic chamber incubations, with the rates of
exchange increasing by a factor of up to 2.5 when imposing flushing rates of 100-300 L m—2 d—!, compared to
settings with diffusive exchange only. Estimates of in situ exchange rates using oxygen penetration and volumetric
O, consumption and TCO, production rates were within the range measured in the chambers. The contribution of
advection to solute exchange was highly variable and dependent on sediment topography. Advective processes
also had a pronounced influence on the in situ distribution of O, within the sediment, with characteristic two-
dimensional patterns of O, distribution across ripples, and also deep subsurface O, pools, being observed.
Mineralization pathways were predominantly aerobic when benthic mineralization rates were low and advective
pore-water flow high as a result of well-developed sediment topography. By contrast, mineralization proceeded
predominantly through sulfate reduction when benthic mineralization rates were high and advective pore-water
flow low as a result of poorly developed topography. Previous studies of benthic mineralization in shallow sandy
sediments have generally ignored these dynamics and, hence, have overlooked crucial aspects of permeable

sediment function in coastal ecosystems.
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Sandy sediments comprise ~70% of the continental shelf
area (Emery 1968), and while biogeochemical studies of this
sediment type do exist, particularly in nearshore sediments
(e.g., Hargrave and Phillips 1981; Kristensen 1993;
Ferguson et al. 2003), they have generally been overlooked
in comparison to fine-grained cohesive (muddy) sediments
(Boudreau et al. 2001). One of the crucial differences
between cohesive and permeable sediments is that transport
of solutes can occur by advective pore-water flow generated
by the interaction of bottom currents with sediment
topography, density gradients, and wave action (Huettel
and Webster 2001). This pore-water advection complicates
the conceptualization and measurements of benthic pro-
cesses compared to cohesive sediments.

Rates of benthic carbon mineralization are often
assessed by measuring the consumption of O, or the
production of TCO, by the sediment. O, consumption
within sediments is considered to occur through two major
pathways—direct heterotrophic consumption and the
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reoxidation of reduced chemical species such as Fe2*+ and
S2—, produced by anaerobic processes deeper within the
sediment. The former process represents mineralization as
it occurs, the latter is temporally decoupled from the
anaerobic mineralization. Assuming a situation close to
steady state, O, consumption will provide a good in-
tegrated measure of sediment mineralization. In reality,
changes in organic matter supply and transport rates (e.g.,
bioirrigation) over an annual cycle may mean that periods
of net reduction (O, flux < mineralization) and net
oxidation (O, flux > mineralization) occur (e.g., Therkild-
sen and Lomstein 1993; Ferguson et al. 2003). In addition
to the aforementioned natural cycles of net solute reduction
and oxidation, sediment sampling and incubation have the
potential to disrupt the in situ solute transport regimes and,
hence, the rate of sediment O, consumption. TCO, fluxes
provide a more direct measure of organic matter mineral-
ization; however, their interpretation is complicated by the
precipitation and dissolution of carbonates within the
sediment. Ideally both O, and TCO, should be measured
concurrently and their ratios used to gain an insight into
processes occurring within the sediment (e.g., Hargrave and
Phillips 1981; Anderson et al. 1986).

In cohesive sediments, the net benthic fluxes of solutes are
generally considered to reflect the rates at which these
processes are occurring within the sediment, assuming
steady state. Hence, the rates of processes in cohesive
sediments can be measured by employing chambers, which
are placed over the sediment surface. It is generally assumed
that this approach does not greatly affect solute exchanges,
provided that a reasonable diffusive boundary-layer thick-
ness is maintained, that the length of the incubation does
not lead to depletion or inhibiting build-up of reactants, and
that the activity of macrofauna remains unaffected (Glud et
al. 1995, 2003).

In permeable sediments, where pore-water advection
may be a major transport process in the upper sediment
layers, the assumption of benthic exchange reflecting
a steady-state situation may not be valid. This is because
the rate of pore-water advection is partially dependent on
sediment topography and currents, both of which change
on timescales of minutes to hours to days in an unpredict-
able manner (Precht and Huettel 2004). Hence, after
a period of relative calm there may be a build-up of solutes
in the pore water, solutes that are washed out during a more
turbulent period in a non-steady-state manner. Moreover,
chamber emplacement and sediment coring are both likely
to reduce advective solute transport because they exclude in
situ bottom currents, and it has been estimated that the
time needed for solute distribution and fluxes to re-
equilibrate to the new transport regime may number in
the days or weeks (Jahnke et al. 2005; Cook et al. 2006).
Thus, in order to measure benthic exchange in permeable
sediments, some sort of “‘representative” pore-water flush-
ing rate needs to be maintained during benthic chamber
incubations. Choosing a representative sediment flushing
rate is also greatly confounded by the fact that there are
very few in situ estimates or measurements of representa-
tive flushing rates (Precht and Huettel 2003, 2004; Reimers
et al. 2004; Cook et al. 20006).
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The development of chambers generating known pres-
sure gradients over the sediment surface (and, hence, pore-
water advection within the chamber; Huettel and Gust
1992; Janssen et al. 20054) has allowed benthic exchange
measurements to be conducted under controlled conditions
in the presence and absence of advection (Janssen et al.
2005b). These experiments showed that the in situ benthic
uptake of O, may be enhanced under conditions of
advective flow, as compared to purely diffusive conditions.
Attempts to relate the chamber-determined O, consump-
tion to in situ biogeochemical activity have been limited to
date, primarily as a result of technological shortcomings. In
a recent study, De Beer et al. (2005) combined measure-
ments of in situ O, penetration with measured rates of
volumetric O, consumption to obtain another estimate of
in situ sediment O, consumption, and they found that these
rates were about twice as high as those measured in in situ
chamber incubations conducted at moderate sediment
flushing rates (64 L m—2 d—1). The results of this study
highlight the difficulty in choosing a representative in situ
flushing rate, indicating that benthic exchange measure-
ments in chamber incubations should be conducted at
a range of sediment flushing rates, which can then be
related to estimates of in situ flushing or solute exchange
rates, such as O,. The suggestion that pore-water advection
has a strong influence on solute exchange rates also calls
into question the representativeness of benthic O, and
TCO, exchange measurements in sandy sediments, which
to date have included no consideration of advective
exchange processes (e.g., Hargrave and Phillips 1981;
Hopkinson et al. 1999; Kristensen 1993).

To date, there have been few integrated in situ studies
employing a range of techniques to measure benthic solute
distribution within the sediment, exchange with the water
column, and interactions with advective processes (De Beer
et al. 2005; Werner et al. 2006). Such studies are needed in
order to fundamentally assess (1) the extent to which pore-
water advection affects solute distributions in situ, (2) the
relationship between benthic solute fluxes in sandy
sediments, and (3) the rates of processes taking place
within these sediments. For this reason, the aims of this
study were to investigate the effect of advective pro-
cesses on the exchange of O, and TCO, and to gain
a mechanistic understanding of these interactions, and an
estimate of in situ exchange rates, using experimentally
measured volumetric O, consumption, TCO, production,
and sulfate reduction rates combined with measured in situ
O, distributions. The implications of the findings are
discussed with reference to existing measurements of
benthic O, consumption and TCO, production in sandy
sediments.

Materials and methods

Study site—The two field sites chosen for this study were
located on the Island of Sylt in the German Waddensee
(hereafter referred to as Sylt) and the Hel Peninsula on the
Baltic coast in Poland (hereafter referred to as Hel). Two 3-
week—long field campaigns were conducted at each site
(Sylt: 28 April-16 May 2003 and 12-30 July 2004, hereafter
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referred to as Sylt spring and summer campaigns, re-
spectively; Hel: 11 August-29 August 2003 and 19 April-07
May 2004, hereafter referred to as Hel summer and spring
campaigns). The shallow sublittoral study site at Sylt is
situated ~600 m south of List Harbor and has an average
water depth of ~0.5 m at low tide. The site is protected
from the prevailing westerly winds by the island. The study
site at Hel was located directly off the beach at the
township of Hel. The water depth at the study site was
~1.5 m, the tidal influence is minimal, and small changes in
water depth at the site are controlled by wind-driven
seiches. During each field campaign, a RCM 9 recording
current meter (Aanderraa) was deployed, which recorded
average temperature, salinity, and current speed as well as
dissolved oxygen every 5 min for periods of between 2 d
and 7 d (Fig. 1a,b). During the Sylt summer campaign and
the Hel spring campaign, an ADV (Acoustic Doppler
Velocimeter) was simultaneously deployed to measure
current velocities 0.1-0.2 m above the sediment at high
temporal resolution (25 Hz) in order to discriminate
between steady and oscillating/turbulent current compo-
nents (Fig. 2a—c). Tides with an amplitude of 1-2 m induce
unidirectional currents that may reach ~0.8 m s—! (Fig. la)
and follow the direction of the shoreline (northeast and
southwest during ebb and flood tides, respectively). The
wave-driven oscillating component of the current was
negligible at this site in comparison to unidirectional
current flow (Fig. 2a).

In contrast to Sylt, the steady shore-parallel (northwest—
southeast) component of the currents is much slower at Hel
(Fig. lc,d). ADV measurements obtained during the spring
campaign showed oscillating, periodic, wave-driven cur-
rents represented the main flow component (Fig. 2b).
Currents were typically directed perpendicular to the
shoreline (northeast-southwest) and had an average
(*=standard deviation [SD]) root mean square (RMS)
current speed of 3.16 £ 195cm s=! (n = 143), as
compared to the average steady flow of 1.84 =
1.05 cm s—! in the same recordings. The salinity at Hel is
low (~7), reflecting the brackish nature of the Baltic Sea as
well as the local freshwater inflow from the Vistula River
into the Gulf of Gdansk. By contrast, the relatively high
salinity at Sylt (~30) reflects a slight coastal decrease from
the fully marine North Sea salinity.

A summary of key water column and sediment
parameters measured during the field campaigns is
presented in Table 1. Although water column nutrients
were generally low during the field campaigns, they were
markedly higher at Sylt, particularly during late autumn to
early spring (S. Hedtamp and L. Kotwicki unpubl. data,
www.iopan.gda.pl/projects/cosa). The sediment chlorophyll
a (Chl a) content was also much higher at Sylt (13-21 ug
g~ ! sediment [sed]) than at Hel (3-3.9 ug g—! sed), as were
rates of benthic primary production (Wenzhofer unpubl.
data) and the sediment organic carbon (C) content. The
C :nitrogen ratio of the sediment was 7-8 at Sylt and could
not be determined at Hel as a result of the low organic
matter content. The organic matter at both sites is most
likely derived from algal material, as indicated by the 5!13C
signature of the sediments (—16%. to —21%o; Heip et al.
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1995). During our field campaigns, sediment permeability
was slightly higher at Hel (2.9-4.6 X 10~11 m2) than at Sylt
(2-2.2 X 10— 11 m2),

Sediment topography—Sediment topography was mea-
sured using an autonomous laser scanning instrument,
following the method described by Rey et al. (2005). A
total of 46 sediment surface topography scans were
obtained in April/May 2004 at Sylt, and a total of 17 scans
were obtained in July 2004 at Hel. Images of an
approximately 250 mm-long and <Il-mm-wide straight
line that was projected vertically onto the seafloor
(6.7X10~7 m diode laser with line optics) were taken from
an angle of 45° using a digital camera (Nikon CoolPix 990
in an underwater housing). Scans of 700-mm length were
derived from 141 images that were obtained while a linear
drive shifted the camera and laser in 5-mm increments
horizontally over the sediment surface. The scanning
direction of the instrument was aligned to the direction of
the main flow (i.e., to the oscillating currents at Hel and the
tidal currents at Sylt). Pixel coordinates of the laser line in
the respective images were transformed into absolute
coordinates (i.e., seafloor elevations in the plane of the
laser sheet) based on a calibration obtained from images of
a calibration grid. The surface elevation profiles of the 141
images were assembled to a three-dimensional (3D) surface
topography with a grid size of 5Smm X 5 mm in the
horizontal direction. Outliers in the sediment surface
detection, originating from the presence of motile macro-
fauna (crabs, fish) at the sediment surface or from poor
visibility of the laser line as a result of background daylight,
were identified by simple and robust filters (pixel bright-
ness, maximum/minimum height threshold, maximum de-
viation from neighboring heights) and were replaced by the
average height of the neighboring measurements. In order
to determine typical dimensions of the ripples at Hel,
sinusoidal curves were fitted to profiles that were extracted
from the 3D surface topographies along the center line.

Chamber incubations—The fluxes of O, and TCO, and
sediment flushing rates were measured using benthic
chambers, for which known relationships between stirring
speed, as well as stirrer disk—sediment distance and pressure
gradient within the chamber, have been established
(Janssen et al. 20054). Incubations were performed ex situ
(Sylt: spring 2003; Hel: summer 2003) as well as in situ (Hel:
spring 2004; Sylt: summer 2004). For the ex situ incuba-
tions, 10 intact cores of sand were collected manually using
the chambers as core liners. Cores were immediately
returned to the laboratory, where they were kept sub-
merged in a trough filled with water from the study site at
in situ temperature and salinity for at least 24 h before
incubations commenced. During this acclimatization peri-
od, all chambers had their lids propped open over the cores,
allowing free exchange of water between the core and the
bath while the cores were stirred. The day before
incubations commenced, the speed of the stirrer motors
was adjusted (20-80 rpm) to give a pressure gradient
ranging from 0 Pa cm~! (diffusive) up to ~1 Pa cm~—1.
The “diffusive” setting was achieved by reversing the
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Fig. 1. Time series of in situ temperature, salinity, current speed, and O, concentrations measured using a RCM 9 data logging
device during the field campaigns at (a) Sylt in spring, (b) Sylt in summer, (c) Hel in spring, and (d) Hel in summer.
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Fig. 2. One hundred twenty-second excerpts of horizontal

current speed measurements obtained at a sampling frequency of
25 Hz during the field campaigns at (a) Sylt (15 July 2004, 06:00 h
at ebb tide) and (b) Hel (01 May 2004, 15:30 h). Measuring height
was 0.1-0.2 m above the sediment. The gray lines represent the
moving average (averaging period 30 s) in the direction of the
principal steady flow component (60° at Sylt, 341° at Hel). The
black lines show the 25-Hz recordings in the direction of the
principal oscillating/turbulent current component (i.e., the di-
rection at which individual measurements deviate the most from
the mean current; 57° at Sylt, 42° at Hel). In this case the 30-s
moving average current speed in the same direction is subtracted.
(c) Shows the RMS velocity of the orbital current velocity over
time at Hel in spring 2004.

stirring (20 rpm) direction at 15-s time intervals, which
caused a mixing of the chamber water without creating
a significant pressure gradient. For the incubation,
chamber lids were closed, while stirring continued at the
prescribed rpm rate. For the in situ incubations, 10
chambers were placed in the field in the late afternoon.
At dusk, the lids were placed on the chambers and the
stirring speed of the motors was adjusted to the same range
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of stirring speeds used for the lab incubations. At an
additional stirrer speed of 160 rpm, which was only applied
in situ, the relationship between stirrer speed and pressure
gradient was beyond the range defined by Janssen et al.
(2005a), and sediment resuspension also occurred. There-
fore, ascribing a pressure gradient to this setting was
deemed inappropriate, and these data points are referred to
as “resuspended.”” For both in situ and ex situ incubations,
the chambers were sampled periodically for O,, nutrients,
and TCO,. Samples for O, were fixed immediately with
Winkler reagents (Grasshoff 1983), TCO, samples were
preserved with HgCl, (0.01% final concentration), and
nutrient samples were filtered immediately through 0.2-um
filters and frozen. At Hel, during spring 2004, a large algal
bloom was present during the chamber incubations
(reflected in the high O, concentrations in the water
column; Fig. lc), and the rates of sediment O, consump-
tion and TCO, production were thus corrected for water
column respiration, measured using in situ bottle incuba-
tions. Sediment flushing rates were measured in the
chambers by following the gradual decrease in the
concentration of NaBr that was previously added to the
overlying water to a final concentration of ~5-10 mmol
L—-1. Rates of solute exchange between the sediment and
the water column were calculated based on linear re-
gression analysis of the concentration change of the solute
within the chamber versus time (n = 3-4 data points). The
flux was only considered significant if the magnitude of the
slope was greater than the standard error of the regression.

Modeled sediment flushing rates—Flushing rates of the
chambers induced by the scaled pressure fields were
calculated using a model created using the finite elements
modeling software package Comsol Multiphysics
(www.comsol.com). A detailed description of this ‘flow
model’ can be found in Cook et al. (2006). Briefly, the
model domain represents the sediment within an incubation
core, as described in Janssen et al. (2005«), that had a core
radius, r., of 95 mm and a sediment depth of 200 mm. The
model assumes a flat sediment surface, no heterogeneity in
sediment parameters like porosity and permeability, and
a perfect radial-symmetric stirring pattern in the overlying
water. Under such “idealized” conditions, pore-water flow
and concentration patterns will be radially symmetric. This
way, the physically 3D model domain can be described
mathematically by a two-dimensional model, which in-
corporates only two spatial variables (i.e., the depth, z, and
the distance, r, from the central symmetry axis). A
triangular unstructured mesh was used to discretize the
model domain, with an element size of ~100 um at the
upper boundary (sediment surface), increasing to 10 mm at
the lower boundary of the core.

The pressure distribution in the pore water was
calculated using the ‘Laplace’ equation, thus:

Vip =0 (1)

where p is pressure and V the gradient operator using the
following boundary conditions. Along the bottom and
lateral walls, we implemented a no-flux condition. At the
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Table 1.
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Summary of key parameters at the field campaigns for which data are presented. Chlorophyll a (Chl a), % carbon (%C),

carbon : nitrogen (C:N), and §'3C values refer to the top 1 cm of sediment; permeability and porosity refer to the top 5 cm of sediment.

Sylt* Hel

Spring 2003

Summer 2004 Summer 2003 Spring 2004

Sediment
Chla (ug g7l 21
%C 0.2
C:N ratio 7.6
S13C (%o) —18
Permeability (X10~!! m?2) 2.2+0.2
Porosity 0.45
Water column (all units gmol L—1)
[NOs] 7.7
[NH ] 0.47
[HPO;™] 0.07
[Si(OH),4] 0.47

13 3.9 3
0.2 0.05 0.05
7.9 — —
-17 -16 —21
2.0=0.2 4.6=0.2 2.9x0.2
0.39 — 0.36
0.07 1.72 0.22
<0.5 1.45 0.75
0.28 0.34 0.22
1.29 13 5.12

* Sylt, Island of Sylt; Hel, Hel Peninsula.

sediment surface, we adopted the pressure relation

~—

) 4
p(r,0) = 2po (r(z - M) (2

where pg is the pressure at the outer edge of the chamber.
This relationship provided a good approximation for the
pressure sensor data of Janssen et al. (20054), measured at
40 rpm (pg = ~2). The magnitude of p, was modified for
various stirring speeds by scaling it according to the
relationship between pressure and stirring speed given by
Janssen et al. (2005a). Together, Egs. 1 and 2 produce the
pressure distribution in the pore water, from which one can
subsequently calculate the associated velocity vector field
using Darcy’s Law (see Meysman et al. [2005] for details on
this procedure). For each flow simulation, we calculated
the associated sediment flushing rates (L m~—2d-1) by
integrating the vertical component of the simulated pore-
water velocity along the sediment surface divided by the
core area. Flushing rates were initially modeled for a range
of pressured fields with a sediment permeability of 2 X
10~ m2 and a water viscosity of 1.1 X 103 kg m~—2 s~ L.
A linear relationship was found between the average
pressure gradient across the chamber (P,,) and flushing
rate (F) (F = 78P,, — 0.32, r2 = 0.999), and thus, the
flushing rates in the chambers in the field were calculated
from P,, and then scaled linearly to water viscosity and
measured sediment permeability.

Microprofiles—A profiling lander equipped with four
Clark-type O, microelectrodes (Revsbech 1989; Glud et al.
2000), three H»S microelectrodes (Jeroschewski et al. 1996),
and one resistivity sensor was used to repeatedly measure
one-dimensional microprofiles across the sediment-water
interface and within the sediment (Gundersen and Jorgen-
sen 1990; Wenzhofer et al. 2000). To make the sensors
stable enough to penetrate the sand present at the field
sites, both types of microsensors were prepared with outer
tip diameters of ~300 um, while the actual sensing surface
was 5 um (De Beer et al. 2005). The O, microelectrodes had

a linear response toward the O, concentration in seawater
and were calibrated in situ using the constant readings in
the bottom water (with a known O, concentration de-
termined by Winkler titration) and the anoxic parts of the
sediment (the zero-point of the electrodes was also cross-
checked in the laboratory at in situ temperature). The H,S
microelectrodes were calibrated in a degassed phosphate
buffer in which the H,S concentration was increased
stepwise by adding aliquots of a 100-mmol L—! Na,S
solution (Wenzhofer et al. 2000). After placing the in-
strument on the sediment surface, the central sensor array
was lowered in steps of 1,000-2,500 um over a depth of 5—
10 cm, and all sensor readings were logged at each depth
horizon. Microprofiles were typically measured every 20—
30 min along the same vertical axis for a total period of 12—
24 h. For most of the O, microprofiles obtained, the
relative position of the sediment surface was identified by
a distinct break in the concentration gradient. Additionally,
the distinct change in signal from the resistivity sensor,
when penetrating through the sediment-water interface, in
combination with still pictures and video records allowed
the alignment of the recorded microprofiles to the actual
sediment surface present at each profiling routine. The O,
penetration depth was inferred directly from the micro-
profiles.

Planar optode—For two-dimensional O, distribution
measurements at each of the field sites, an autonomous,
in situ planar optode module was deployed (Glud et al.
2005). The planar optode was based on a ruthenium-
fluorophore embedded in plasticized polyvinyl chloride
sandwiched between a transparent support foil and an
optical insulation of black silicon (Glud et al. 1996). The
planar optode was placed on the front of an inverted
periscope, and images of the O,-quenched fluorescence
emitted by the immobilized fluorochrome were recorded
using a digital CCD camera (SensiCam, PCO Computer
Optics) placed in a central housing (for more details, see
Glud et al. 2001, 2005; Wenzhofer and Glud 2004). For
calibration purposes, initial images of the O, concentration
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in the water column (having a known O, concentration)
were obtained. Subsequently the inverted periscope
equipped with the planar O, sensor was lowered into the
sediment, ensuring initial alignment of the sediment surface
with the center of the planar optode. At the end of the
measuring cycle, the planar O, sensor was completely
inserted into the anoxic part of the sediment to obtain
a second calibration image. The calibrated oxygen images
covered an area of 7 X 5 c¢cm or 15 X 10 cm, with a spatial
pixel resolution of ~106 um or 208 um, respectively (CCD
camera chip size, 640 X 480 pixels) (Wenzhofer and Glud
2004). After placing the sensor foil in the sediment, images
were recorded every 30-60 min for a total period of 12—
24 h.

High current speeds at Sylt meant that sediment washout
occurred around the periscope, and, hence, no usable
images could be obtained from this site. At Hel, the
dominant current component was generated by waves
moving onto the shore (see Results); thus, the periscope was
placed parallel to this flow. Plastic slats were also inserted
into the sediment on either side of the optode to eliminate
current eddies at the edge of the optode and sediment
excavations around the periscope at the given conditions.

Sulfate reduction measurements—Sulfate reduction rates
were measured in four intact sand cores (36-mm inner
diameter [i.d.]) taken from the study site and then returned
to the laboratory for incubation. Sulfate reduction rate
measurements were performed the day after sampling at in
situ temperature using a modified version of the 35S-SO 2~
technique (Jorgensen 1978). The SO~ tracer was in-
troduced into the core either by percolation (~16 Mbq L—!
35S-SO 2~ in seawater) through the core (Sylt: spring 2003)
or via injection of 5 uL carrier free 35S-SO3~ (~50 kbq)
through silicon ports spaced at 1-cm intervals at the side of
the core. After incubation, the sand was extruded, sliced at
1-cm intervals, and fixed in 20 mL of 5% zinc acetate. The
358 present in the reduced fraction was then recovered using
the cold chromium distillation procedure described by
Kallmeyer et al. (2004). The radioactivity in the SO~ and
reduced fractions was determined using a Packard Tri-Carb
2900TR or 2500TR liquid scintillation counter. Sulfate
reduction rates were calculated using the equations given in
Kallmeyer et al. (2004). A subsample of the zinc acectate
supernatant was also taken to determine SO3~ concentra-
tions in the pore water.

Bottle incubations—During the 2004 field trips, bottle
incubations were performed to measure the O, consump-
tion, TCO, production, and changes in the solid-phase iron
[Fe](II) pool in sediment horizons from different depths
incubated under oxic conditions. Six sediment cores were
collected from the field and immediately returned to the
laboratory, where they were sliced at intervals of 0-1 cm,
1-2 cm, 2-3 cm, 3-5 cm, and 5-7 cm. The slices from the
same horizons were pooled, homogenized, and weighed
into five 500-mL glass bottles, which were then filled with
oxic water from the study site. A subsample of each
sediment horizon was frozen immediately for later analysis
of Fe. The bottles were sealed with a rubber stopper and
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incubated at in situ temperature while rotating at ~4 rpm
(lying on their side) to ensure that no anoxic zones
developed within the sediment. Five samples of water for
0O, and TCO, analysis were taken from each bottle over the
course of the incubation by injecting fresh seawater into the
bottle (through a hypodermic needle) and simultaneously
collecting the water flowing out through a second needle.
At the conclusion of the incubation period (43-47 h),
sediment from each bottle was collected and frozen for Fe
analysis. Rates of TCO, production and O, consumption
by the sediment were calculated using linear regression
analysis of concentration of the solute versus time, after
correcting for the addition of replacement water.

Solid-phase Fe profiles—Profiles of solid-phase HCI-
extractable Fe(Il) and Fe(III) were also taken from the
study sites during all field campaigns. At least five 36-mm-
i.d. sediment cores were taken and sliced at 1-2-cm
intervals. Equivalent depth intervals from replicate cores
were pooled and then frozen for later analysis of Fe, as
described below.

Sample analysis—Samples for O, were analyzed by
Winkler titration (Grasshoff 1983). TCO, samples were
measured using a UIC CM 5130 acidification module in line
with a CM 5012 Coulometer. Samples for Fe analysis were
extracted for 1 h in 0.5 mol L—! HCI, which was first
purged with N, to remove O, and was then analyzed using
the ferrozine method, as described by Kostka and Luther
(1994). Nutrient samples were analyzed using a Skalar
Continuous-Flow Analyzer according to the method of
Grasshoff (1983). Br— and SO‘%* were both analyzed by
nonsuppressed ion chromatography; for SO~ a Waters
IC-Pak column was used with 50 mmol L—! NaCl and 10%
methanol as the eluent, and for Br—, we used a Sykam LC
Al4 column with 1 mmol L-1! isophthalic acid as the
eluent.

Results

Sediment topography—Sediment surface topographies at
Sylt, as measured during the summer campaign, show only
very small, irregular topographical features, with heights in
the low millimeter range that do not show a clear
orientation but rather form an apparently isotropic,
stochastic pattern (Fig. 3a). A series of eight consecutive
scans obtained over a period of 7 h (16 July 2004, 23:00 h,
to 17 July 2004, 06:00 h) showed that the tidal currents
induce enough shear stress, even under calm weather
conditions, to redistribute the small topographical features
within less than 1 h. This, however, did not induce the
formation of clear current-related features, such as ripples
or scour pits, and involved only the uppermost few
millimeters of the sediment. The average range (=SD) of
changes in sediment surface height along the central profile
in the eight consecutive topography scans was 3.6 = 2.0 mm
(n = 141). In contrast to the even sediment surface at Sylt,
the sediment at Hel was characterized by regular, shore-
parallel, and largely symmetrical ripples that were present
throughout the spring campaign (Fig. 3b). Average ripple
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wave length and height (=SD) were, respectively, 115.6 =
28.5mm and 17.5 = 5.1 mm (r = 12), with maximum/
minimum wave lengths and heights of 155.1/73.2 mm and
25.2/10.7 mm, respectively. Direct observations, as well as
sequences of scans that were taken over the time course of
several hours, indicated that almost no sediment transport
and ripple movement took place under the very calm
weather conditions that prevailed during the entire spring
campaign. Only during short periods of slightly rougher
hydrodynamics, especially on 04 May 2004 (Fig. 2¢), did
ripples begin to move and topographies change significant-
ly. The symmetry of the ripple cross section and the
alignment of the crests and troughs to the shoreline indicate
that ripples were originally created by waves running
ashore in a period of stronger hydrodynamic forcing.

Iron profiles—The total HCl-extractable Fe content of
the sediment was highest during summer at both sites
(Fig. 4). At Sylt, clear trends in the relative HCl-extractable
Fe(Il) and Fe(IIT) concentrations could be seen down the
profiles, with Fe(III) dominating at the surface and Fe(II)

comprising an increasingly greater fraction of total HCI-
extractable Fe down the profile. By contrast, at Hel the
relative importance of HCl-extractable Fe(I) and Fe(III)
essentially remained the same throughout the profiles, with
Fe(IT) comprising the majority of total HCl-extractable Fe
during summer 2003. The substantial increase in the total
HCl-extractable Fe pool at Sylt between spring and
summer most likely occurs in connection with a seasonal
50% increase in the sediment fine fraction (<63 pum)
between spring and summer, which was observed in both
2003 and 2004 (Hedtkamp 2005).

Sulfate reduction rates—Sulfate reduction rates were
much higher at Sylt than at Hel during both summer and
spring (Fig. 5). At Hel, the volumetric rates of sulfate
reduction showed elevated activity near the surface during
spring, while during summer the profile was characterized
by uniformly low rates. At Sylt there was a distinct
subsurface peak of sulfate reduction between 5 cm and
8 cm during spring, and during summer the peak moved
toward the sediment surface when the maximum sulfate
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reduction rates were seen between 1 cm and 5 cm in depth.
Integrated rates of sulfate reduction converted to C
equivalents using a C: sulfur stoichiometry of 2: 1 (Froelich
et al. 1979) were 16 and 34 mmol m—2 d—! at Sylt during

10

Sediment depth (cm)
o0
B

12 —&— Sylt
—O— Hel

14
a) Spring b) Summer
16 T T T T T f T T T T T
0 50 100 150 200 250 300 O 100 200 300 400 500 600

Sulfate reduction rate (nmol C cm™3 d'l)

Fig. 5. Profiles of sulfate reduction rates (C equivalents)
measured at Sylt and Hel in (a) spring and (b) summer. The error
bars represent the standard deviation of replicate cores (n = 4).

spring and summer, respectively. The integrated rates of
sulfate reduction at Hel, by comparison, were only 0.83 and
1.8 mmol m—2 d—! during summer and spring, respectively.

Bottle incubations—In agreement with the sulfate re-
duction rates, the rates of O, consumption and TCO,
production were much higher at Sylt than at Hel (Fig. 6). At
Hel, there was a close agreement between the rates of O,
consumption and TCO, production throughout the profile,
with the highest rates of consumption/production occurring
near the sediment surface. The solid-phase HCl-extractable
Fe(Il) pools were ~0.5 ymol cm~—3 throughout the profile
and remained virtually unchanged at the end of the
incubation. At Sylt, O, was consumed at about twice the
rate of TCO, production throughout the profile. Rates of O,
consumption increased down the profile, reaching a maxi-
mum rate at 4 cm in depth. TCO, production rates remained
fairly constant throughout the profile, with the exception of
a point of high production at 4 cm in depth. HCl-extractable
Fe(IT) pools at the start of the incubation were higher at Sylt
than at Hel, increasing from 1 ymol cm~3 up to a maximum
of ~8 umol cm—3 at 5 cm in depth. During the incubation,
the HCl-extractable Fe(II) pool size decreased by between 2
and 6 umol cm—3 below 1 cm in depth, with the maximum
decrease occurring at 4 cm, coinciding with the maximum
rates of O, consumption and TCO, production. Unfortu-
nately, no measurements were performed in 2003.

Chamber incubations—There was a close agreement
between the measured and modeled sediment flushing rates
at Sylt, although the measured flushing rate was ~15 L
m~—2 d-! higher than the modeled flushing rate (Fig. 7).
This offset most likely arose as a consequence of bioirriga-
tion, which was not accounted for in the model. Given the
good agreement between modeled and measured data and
the high variability of the measured flushing rates, we have
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used the modeled flushing rates to constrain our solute flux
measurements.

In all chamber incubations there was a clear increase in
sediment O, uptake and TCO, release above flushing rates
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Fig. 7. The measured sediment flushing rate in chambers

using bromide tracer versus the modeled sediment flushing rate
described in the Materials and methods section. 95% confidence
intervals are shown.

of ~4-10 L m—2 d—! (Fig. 8a,b,d,f). The rates of sediment
O, consumption increased by a factor of 1.6 to 2.5 between
the diffusive setting and the maximum (non-resuspending)
flushing rate used. Rates of O, and TCO, exchange at the
same pressure gradient were generally higher at Sylt than at
Hel when compared during the same season. For example,
the Sylt O, flux was ~two times greater at comparable
sediment flushing rates in both spring and summer. At both
sites, rates of O, and TCO, exchange were generally highest
in summer. For example, O, flux at flushing rates of 20-
60 L m—2 d—! were ~1.5-2 and ~1.5 times higher during
summer at Hel and Sylt, respectively. TCO,: O, flux ratios,
or apparent respiration quotient (RQ), ranged between
~0.5 and ~2, with an average of 1.2 for the whole data set.
There was a consistent increase in the apparent RQ as
stirring was shifted from diffusive to the lowest advective
setting, followed by a more gradual decrease in the
apparent RQ with increased sediment flushing rates
(Fig. 8c,e,g). In general, the apparent RQs were highest
under conditions of advective pore-water flushing at Sylt
during summer.

Optode and microelectrode measurements—Although the
O, profiles were taken over both light and dark periods, we
focus on the dark profiles here. The light profiles are
considered in detail in another article addressing photo-
synthesis in these sediments. At both field sites, the O,
profiles were highly variable, changing between the classical
diffusive profile shape commonly observed in cohesive
sediments to a more irregular profile with deeper O,
penetration, reflecting the influence of transport processes
other than diffusion within the sand (Fig. 9). Highly
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unusual but consistent O, profiles were repeatedly observed
on a number of electrodes (separated horizontally by 3 cm)
at Hel during the spring 2004 campaign, when a pool
of oxygen was measured between 40 mm and 100 mm
in the sediment (Fig. 9e-h). The O, penetration depth
(OPD) was highest at Hel, ranging between 10 mm
and 28 mm, with an average of 17 mm (n = 54 dark
profiles) in summer 2003. In spring 2004, the OPD
ranged between 12 mm and 20 mm, also with an
average of 17 mm (light and dark profiles were used
because of the limited data set; furthermore, photosynthesis
did not have a marked effect on the OPD during this
period; Fig. 10, n = 6 profiles). At Sylt, O, profiles were
only measured in 2004, when the OPD ranged between
2 mm and 15 mm, with an average of 4 mm (n = 84). No
free sulfide was detected in the pore water at either of the
study sites, most likely as a consequence of coprecipitation
with Fe(II).

The planar optode images show the variation of O,
penetration over ripple topography (Hel, Spring 2004),
with deeper O, penetration in the ripple troughs than at the
ripple crests (Fig. 11). Image analysis revealed that the
average O, penetration depth was 16 mm, with a range of
1.5 mm to 21 mm (n = 20 profiles taken, evenly spaced
between the ripple crests from the images taken at 16:39 h
and 17:03 h in Fig. 11).

Discussion

Biophysical site characteristics—Despite the fact that the
study sites at Sylt and Hel were at a similar water depth, at
relatively sheltered sites with similar grain sizes and
permeability in similar climatic zones, we identified two
important biophysical differences between the sites of
relevance to this study. First, Sylt had higher delivery rates
of labile organic carbon to the sediment, as indicated by
higher Chl a concentrations in the sediment (Table 1), most
likely associated with high rates of benthic primary
production (Wenzhofer unpubl. data). This ultimately led
to higher sediment O, consumption and TCO, production
rates at Sylt compared to Hel (Figs. 6, 8). Secondly,
currents at Sylt were high and unidirectional (Fig. 2a) but
did not create pronounced topographies at the sediment
surface (Fig. 3). This is not unusual, as the formation of
surface topographies upon hydrodynamic forcing is de-
pendent on several factors, including direction and strength
of currents and waves as well as sediment properties (Li
and Amos 1998). A similar observation, with strong
currents eroding the sediment surface topography rather
than creating roughness elements, has also been reported at
other sites (Wheatcroft 1994). By contrast, at Hel, bottom
currents were much lower than at Sylt (Fig. 1). However,
the dominating, wave-driven oscillating component at Hel
was facing well-defined ripples (Fig. 3). The interaction
between bottom currents and topography is a key driver of
advective pore-water and solute exchange (Huettel and
Webster 2001), and one would expect that the absence of
topography at Sylt would have greatly limited advective
pore-water exchange compared to Hel, where well-formed
topography was present. We now proceed to discuss the
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data, taking into consideration these important differences
in site characteristics.

O; distribution within the sediment—The effect of rippled
sediment topography on sediment O, distribution is
graphically illustrated by planar optode images of oxygen
distribution taken in situ at Hel; these images closely
resemble those observed by Precht et al. (2004) beneath
a rippled sediment surface in a laboratory-based wave tank
study. The deeper O, penctration at the ripple trough
reflects increased O, transport into the sediment through
advective intrusion of bottom water into the sediment,
while the shallow O, penetration at the ripple crests is
caused by an outflow of anoxic pore water at that point
(Webb and Theodor 1968; Precht and Huettel 2004). The
time-lapse sequence further shows the oxic front moving
through the sediment as a result of ripple migration causing
an oscillation between oxygenated and reduced conditions
at a given sediment location over short time periods. One of
the major concerns of the planar optode measurements is
the possibility that periscope placement into the sediment
will disrupt the true in situ O, distribution. This is
particularly pertinent in permeable sediments, where
current interactions with such a large object may well
induce abnormal advective flow patterns within the
sediment. It is difficult to quantitatively evaluate this
effect; however, parallel microprofile and planar optode
measurements essentially resolved the same range and
average O, penetration depths (16 mm for the planar
optode and 17 mm using the electrode).

The O, profiles at both Sylt and Hel illustrate the time-
dependent influence of sand (Sylt) and ripple (Hel)
migration and advection on the O, distribution within the
sediment. O, profiles influenced by advection have also
been observed in North Sea sediments by Lohse et al.
(1996), who reported O, penetration depths in excess of
50 mm measured in freshly retrieved sediment cores. The
O, profiles measured at Hel in 2004 (Fig. 9e-h) showed
subsurface maxima, resembling profiles influenced by
bioirrigating macrofauna (Meysman et al. 2005). However,
faunal surveys (Kotwicki unpubl. data) showed that large
pumping macrofauna were not present at the field site,
indicating that the interplay between pulses of deep
advective oxygen injection into the sand and uneven
oxygen consumption rates within the sediment led to these
unusual profiles. To check the plausibility of this explana-
tion we used a simple one-dimensional reactive transport
model to simulate the time-dependent O, concentration
within the sediment after the introduction of O, to a depth
of 120 mm. The model was set up using the program
COMSOL Multiphysics (www.comsol.com), with a subdo-
main length of 180 mm and an element resolution of
0.5 mm. The upper boundary condition was the O,
concentration in the water column. O, consumption within
the sediment was modeled using monod kinetics, with
a half-saturation constant of 5 yumol L—!. The maximum
rate constant within the subdomain was defined as
a function of depth fitted to the measured O, consump-
tion rate within the sediment at Hel in spring 2004 (see
Fig. 6).
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The model simulations show that if a pulse of oxic water
were to be advected 120 mm into the sediment at Hel
during spring 2004, then at 20-mm sediment depth, O,
would be completely consumed within 6 h. However, as
a result of lower sediment O, consumption rates below
20 mm in depth, a pool of O, can remain for >10 h
between a sediment depth of 40 and 100 mm (Fig. 12),
resulting in profiles that bear a close resemblance to those
observed in situ. Nevertheless, it is apparent that the
modeled profiles were less persistent than those observed in
situ. As discussed below, this is most likely because the
sediment O, consumption rates measured in the bottle
incubations are an overestimate compared to those
occurring at depth in situ; in this case we suggest that the
cause is primarily mechanical homogenization (e.g., Kostka
et al. 1999). The exact cause of the initial O, penetration so
deep into the sediment remains unclear. Storm events
would quite likely lead to O, penetration to depths of
10 cm into the sediment through resuspension and in-
creased advection. There were, however, no storm events in
the week prior to our measurements, thus ruling this
explanation out. During the field campaign we observed
a number of benthic fish species, including sand eels, which
have been shown to ventilate O, into the sediment (Behrens
et al. 2007). We therefore speculate that the ventilation of
the sediment by bottom-dwelling fish may explain the deep
O, pool observed here. Regardless of the exact cause, the
model simulation showed that an episodic injection of O,
into the sediment will result in a relatively stable subsurface
O, pool, as we observed repeatedly in the field.

Sediment biogeochemistry and the balance between net
oxidation and reduction—Oxic respiration and sulfate
reduction are generally considered to be the main pathways
of organic matter degradation in coastal sediments;
however, other metabolic pathways, including denitrifica-
tion and dissimilatory Fe reduction, may make major
contributions in some environments (Canfield et al. 2005).
Measurements of denitrification showed that this process
made a negligible contribution to total mineralization at
both study sites, Sylt and Hel (Wenzhofer and Glud
unpubl. data). We did not measure Fe reduction in this
study; however, a number of studies have shown that the
contribution of Fe reduction to total C oxidation (in
individual depth intervals) is strongly dependent on the
poorly crystalline Fe(III) content of the sediment
(Thamdrup 2000; Gribsholt et al. 2003; Jensen et al.
2003). This relationship can be approximated by the
empirical relationship

Y%FeR = 100% x (1 — e~ [FUINI<00%6) (3)
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where %FeR is the % carbon oxidation via Fe reduction
and [Fe(I11)] is the concentration of poorly crystalline solid-
phase Fe oxides (Gribsholt et al. 2003; Jensen et al. 2003).
Assuming that HCl-extractable Fe(III) provides a reason-
able proxy for poorly crystalline Fe(IIT) within the
sediment, then one would expect Fe reduction to contribute
a maximum of ~40% to total carbon oxidation in the
surface 1 cm of sediment at Sylt during summer, when the
highest concentration of HCl-extractable Fe(III) was
measured (9 umol cm—3). Aside from this one occasion,
the concentration of HCl-extractable Fe(III) observed was
generally in the range of ~1-4 umol cm—3, corresponding
to an expected contribution of ~5-20% Fe reduction to
total carbon oxidation. Therefore, on a depth-integrated
basis we estimate that Fe reduction contributes a maximum
of 10-20% of total carbon oxidation at our study sites. This
finding is also in agreement with that of Slomp et al. (1997),
who concluded that Fe reduction made a minor contribu-
tion to C oxidation in sandy North Sea sediments.

The contribution of sulfate reduction to total mineral-
ization within the sediment can be estimated by comparing
the integrated sulfate reduction rates measured in the core
incubations to the TCO, production rates measured in
chamber incubations. In this study such a comparison is
complicated by the possibility that core incubations may
overestimate rates of sulfate reduction as a result of
a reduced transport of O, into the sediment upon removal
of the cores from the natural environment. This problem is
not likely to have been significant at Sylt, where the in situ
O, penetration depth averaged only 4 mm, and, therefore,
artificially high rates are only likely to have been measured
in the top 1 cm of sediment. At Hel, where periodically
deep O, penetration was observed in situ, the rates
measured might be considered a maximum estimate. Using
the range of TCO, production rates, we can estimate that
sulfate reduction contributed to between 35% and 90% of
organic matter degradation at Sylt and 2-30% at Hel.
Given that the in situ TCO, exchange rates at Hel are likely
to fall in the upper range of those measured in the
chambers (while at Sylt they are likely to fall in the lower
range; see following discussion), we speculate that the in
situ contributions are most likely to be closer to ~90% at
Sylt and ~2% at Hel. At Sylt, the SO~ content of the pore
waters was ~fivefold higher than at Hel as a result of the
salinity differences. The SO~ concentrations within the
pore waters at Hel were, however, always in excess of 1—
2 mmol L1, which is well above reported half-saturation
concentrations for sulfate-reducing bacteria (e.g., Roy-
choudhury et al. 2003), ruling out SO3~ limitation as the
explanation for this difference. We suggest that this
difference arose as consequence of greater O, availability
in the sediments at Hel as a consequence of lower O,

<«

cycle; resusp refers to chambers stirred at 160 rpm, which induced sediment resuspension. Error
bars in panels a, b, d, and f represent the standard error about the regression of solute
concentration versus time (n = 3-4); error bars in panels c, e, and g represent the standard error
described previously, propagated through the calculation of TCO,: O,. Data points for which
the standard error is greater than the value are not shown.
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consumption rates (two to three times lower) and higher
rates of O, advection into the sediments, limiting growth of
sulfate reducers (see following discussion) at this site.

Consistent with the high rates of sulfate reduction at
Sylt, there was generally an excess of TCO, produced
relative to O, consumed, with a TCO,: O, ratio (apparent
RQ) of ~1.5 being measured in the chamber incubations
(Fig. 8¢). A combination of the bottle incubation, sulfate
reduction, and in situ O, profiling data also gave the same
estimate (Table 2, see O, consumption and solute exchange
in situ for details), indicating that there was a net build-up
of reduced solutes within the sediment, as described by
Canfield et al. (2005). Consistent with this explanation,
there was a significant pool of reduced HCl-extractable
Fe(Il) within the sediment during summer, which was
substantially greater than that observed during spring in
2003 (Fig. 4).

In order to maintain steady state over an annual cycle,
there must be a net reoxidation of sulfides at some point.
The bottle incubations conducted here showed that the
HCl-extractable Fe(II) pool decreased rapidly upon expo-
sure to O, and that two to four times more O, was
consumed than TCO,, indicating the rapid reoxidation of
FeS upon sediment resuspension. In agreement with this,
the chambers run at 160 rpm, inducing sediment resuspen-
sion during summer, also showed a drop in the TCO,: O,
ratio, in one case to ~0.8 (Fig. 8c). As such, it seems highly
likely that the reduced pool of sulfides accumulated over
the summer period in the deeper sediment layers becomes
reoxidized in the winter months, when storms resuspend
the sediment to a greater extent than during summer.
Indeed, it has been observed that parameters such as the
sediment fine fraction and sediment permeability change

over the winter months at the study site on Sylt in
connection with increased wind speeds (Hedtkamp 2005).
Consistent with the low sulfate reduction rates measured at
Hel, there was no change in the HCl-extractable Fe(I11) pool
size, and the bottle experiments showed a very close to 1:1
relationship between O, consumption and TCO, pro-
duction. Thus, at Hel, virtually all of the organic matter
was oxidized, with O, as the immediate terminal electron
acceptor, whereas at Sylt, organic matter oxidation was
primarily anoxic, with the sulfur cycle providing an
intermediate shunt for electrons and thus temporally
decoupling O, consumption and TCO, production. At this
point we should note that the previous discussion assumes
that the dissolution and precipitation of CaCOjz was
negligible in situ, which is reasonable to assume in
sediments with a low carbonate content (Mackin and
Swider 1989), as was the case here.

O, consumption and solute exchange in the chamber
incubations—In the chambers used here, the advective pore-
water flow pattern occurring within the sediment has been
well characterized (Huettel and Gust 1992; Khalili et al.
1997), and we used a simple model to calculate the
advective flow of water across the sediment—water interface
within the chambers (see Materials and methods). Of
particular interest to this study was the extent to which
O, advected into the sediment was consumed, compared to
that simply recirculated through the sediment. To correct
for ‘nonadvective’ O, consumption, we subtracted the
benthic O, fluxes in the ‘diffusive chambers’ from the fluxes
in the stirred (or flushed chambers) to obtain an estimate of
the purely advective component of the sediment O,
consumption, compared to the calculated transport of O,
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Fig. 12. The modeled time-dependent change in O, concen-

tration within the sediment at Hel in spring, following a theoretical
advective injection of O,-rich water into the sediment (T0), and its
subsequent consumption over time (T = 6-10 h).

into the sediment based on O, concentrations in the water
column and the volume of water flushed through the
sediment (Fig. 13). It can be seen that at both sites there
was a strong correlation between the increased flushing of
O, into the sediment and the advective component of
sediment O, consumption. Based on the slopes of the
regressions, on average of ~70% and ~30% of the O,
advected into the sediments was actually consumed at Sylt
and Hel, respectively. The increase in the O, consumption
rate due to advective transport is dependent on both the
residence time of water advected through the sediment and
also the volumetric O, consumption rate of the sediment
(Rutherford et al. 1995), and so the much greater fraction
of the O, advected through the sediment that was
consumed at Sylt (compared to Hel) is consistent with the
higher volumetric rates of O, consumption at that site.
Thus, in sediments with lower mineralization rates,
advective pore-water transport will have a more limited
effect on sediment O, consumption rates than in sediments
with higher mineralization rates. Because the residence time
of water in the sediment is the other critical factor
influencing sediment O, uptake rates, it can be expected
that there will be a certain flushing rate above which
sediment O, uptake will increase very little. The magnitude
of this flushing rate will depend on the average path length
of the advective flow field, which will in turn depend
primarily on the shape of sediment topography and also the
sediment respiration rate (higher respiration rates would
lead to higher critical flushing speeds, with correspondingly

«—

in the overlying water were caused by mechanical damage to the
sensor foils during emplacement of the periscope.
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Table 2.  The maximum (max) and minimum (min) rates of O, consumption (cons) and TCO, production (prod) measured during
the 2004 field campaigns in chamber incubations (non-resuspended). For comparison, the in situ O, consumption and TCO, production
estimated using volumetric respiration rates measured in bottle incubations integrated over the maximum, minimum, and average in situ
O, penetration depths (given in the Results section and shown in Fig. 6) are also presented (bottle/O, penetration). It was assumed that
the volumetric consumption/production rate in each slice was constant where O, did not penetrate through the full depth of a slice and
that the integrated rate was scaled linearly to the oxic depth of that slice. The estimates of TCO, production are based on the measured
rates of sulfate reduction integrated over the anoxic zone of the sediment and the TCO, production rate in the bottle incubations
integrated over the oxic zone of the sediment. The diffusive supply of O, to the sediment was calculated using FO, = /2DsR02[05],
where D; is the sediment diffusivity, Ry, is the O, consumption rate measured in bottle incubation, and [O,] is concentration of O, in the
water column (Cai and Sayles 1996). All units are mmol m—2 d—1.

Sylt summer 2004*

Hel spring 2004

Chamber Bottle/O, penetration Chamber Bottle/O, penetration

Min O, cons 32 13 8 24
Max O, cons 73 111 33 31
Average O, cons — 29 — 28
O, diffusive supply 11 5

Min TCO, prod 31 36 5 25
Max TCO, prod 120 86 42 33
Average TCO,; prod — 45 — 29

* Sylt, Island of Sylt; Hel, Hel Peninsula.

higher sediment O, consumption rates). An assessment of
the interaction between these factors is beyond the scope of
this article; however, such a study would lend itself well to
numerical simulation analysis.

As well as affecting the absolute exchange rates, flushing
also affected the relative rates of O, and TCO, exchange
and, hence, the apparent respiration quotient (Fig. 8). The
effect of flushing on the apparent RQ is somewhat harder to
conceptualize than that for the absolutes fluxes, and we
suggest that the observed increase, and then the decrease, in
the apparent RQ was a complex interaction of a number of
factors, including transport phenomena and geochemistry.
First, the O, and TCO, concentration gradients exist on very
different spatial scales, with O, concentration gradients
existing on the order of millimeters, while the TCO, gradient
exists on the order of centimeters to meters. If these gradients
are perturbed from equilibrium, then re-equilibration of the
gradients and, hence, fluxes will occur on very different
timescales, ranging from minutes to hours for O, and from
days to weeks for solutes with concentration gradients on the
order of centimeters (Jahnke et al. 2000; Cook et al. 2006)
when diffusion is the dominant transport process. As such,
when a permeable sediment previously subjected to advec-
tive pore-water flow is enclosed within a diffusive environ-
ment, O, fluxes will re-equilibrate to the diffusive transport
regime on the order of hours, while TCO, fluxes will take
days to weeks to readjust to the new transport regime. Over
the short term, in benthic chamber incubations this would
result in relatively higher O, fluxes compared to TCO,,
consistent with the relatively low apparent RQs observed in
the diffusive chamber incubations (Fig. 8c,e,g). If higher
than normal flushing rates are imposed, then the increased
depth of O, penetration into the sediment may induce the
reoxidation of reduced solutes and thus lower the observed
apparent RQs, as was observed in our chamber incubations
(Fig. 8c,e,g). Thus, apparent RQs measured in sandy
sediments may be affected by an interaction between
changes in transport regime and geochemistry, meaning

that great caution should be exercised when interpreting
apparent RQs in permeable sediments, particularly when no
information on their variation with sediment flushing rate is
available.

O, consumption and solute exchange in situ—The
volumetric sediment respiration rates estimated from the
bottle incubations in combination with the O, penetration
depths measured in situ provide another means of
estimating the sediment respiration rates. The bottle
incubations used to measure respiration have a number
of potential shortcomings, which we will now discuss
briefly. First, homogenization and mechanical disruption
of microscale heterogeneity (as was induced by bottle
movement) may stimulate respiration (Kostka et al. 1999;
Hansen et al. 2000). Secondly, introducing O, into
previously anoxic sediments will greatly perturb the
sediment chemical and biological conditions, potentially
stimulating TCO, production through the abrupt dissolu-
tion of carbonates, as a consequence of sulfide reoxidation
(Green and Aller 2001), and/or the death and subsequent
mineralization of obligate anaerobic bacteria. Here we only
used the rates measured in the top 1-2 cm of sediment (in
situ aerobic depth), which are likely to experience regular
(Hel) and almost-constant (Sylt) resuspension, leading to
mechanical stress and exposure to O, of the sediment
microenvironment. As such, we do not consider that the
incubation conditions in the bottles differed greatly from
those in situ for the surface ~1-2 cm layers of sediment.
Deeper within the sediment, where mixing and oxic
conditions occur less frequently, the oxic and mechanically
disturbed conditions used in our incubations are likely to
lead to large differences in TCO, production rates
compared to those occurring under undisturbed, anoxic
conditions. Strong evidence for this comes from the fact
that the measured rates of TCO, production in the bottle
incubations were ~10-fold higher than those expected from
the sulfate reduction rates measured in cores. Similar
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Fig. 13. A plot of the advective component of O, consump-
tion (defined as the O, flux in advective chambers — the average
flux in the ‘diffusive’ chambers) versus the rate of O, advection
through the sediments (calculated by multiplying the volume of
water flushed through the sediment per day by the O,
concentration in the water column). The dashed line shows the
1:1 relationship, and the solid lines show the linear regression of
the data from Sylt in summer and Hel in spring.

observations have previously been made upon homogeni-
zation of cohesive sediments (Hansen et al. 2000).

Table 2 summarizes the area-specific rates of sediment
respiration based on the volumetric rates of O, consump-
tion measured in the bottle incubations integrated over the
depth of O, penetration (minimum, maximum, and
average) measured in situ. Similarly, the in situ TCO,
production rates were estimated by combining the sulfate
reduction rates integrated over the anoxic zone of the
sediment with the oxic TCO, production rates (bottle
incubations) integrated over the oxic zone of the sediment.
At both sites it can be seen that the estimated in situ benthic
exchange rates of O, and TCO, generally fell within the
range of the exchange rates measured with the chambers.
At Sylt, the estimated average in situ exchange rates of O,
and TCO, fell within the lower range of the exchange rates
measured in the chambers, corresponding to sediment
flushing rates of ~0-5 L m~2 d—!. By contrast, at Hel the
average estimated in situ exchange rates fell in the upper
range of those measured in the chambers, corresponding to
flushing rates in excess of 130 L m—2 d—!. This apparent
difference in the sediment flushing rate at the two sites is
consistent with the observed lack of topography at Sylt
and, hence, of flushing, as noted at the start of the
Discussion section.

Another means of estimating sediment flushing rates is
to use established relationships between currents and
sediment surface geometry, as was originally suggested
for unidirectional flows and sand dunes by Rutherford et
al. (1995). Precht and Huettel (2003) showed that the same
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approach could serve as a first-order estimate of sediment
flushing rates under an oscillating flow regime. First, the
estimated pressure perturbation over the ripples in the field
was calculated using

p = 0.14p12(6/0.34d)*/® (4)

where 0 is ripple height, d is height above the surface at
which the current was measured, p is density, and u is the
RMS of the horizontal oscillating current velocity. Here we
extract average, maximum, and minimum ripple heights of
1.75 cm, 2.52 cm, and 1.07 cm, respectively, from the
topography data and used average, minimum, and maxi-
mum RMS oscillating current velocities of 4 cm s~!, 1 cm
s—1,and 11 cm s~ 1, obtained from the ADV measurements
(Fig. 2¢). From the pressure perturbation, the fluid
exchange rate was calculated using

wo = (2k/pvLp)p (5)

where k is permeability, v is kinematic viscosity, and Lp is
the length scale of the ripple. The average, maximum, and
minimum length scales of 11.5 cm, 15.5 cm, and 7.3 cm,
respectively, were extracted from the topography measure-
ments. Using these data we obtained average, maximum,
and minimum pressure perturbations of 0.17 Pa, 1.5 Pa,
and 0.0088 Pa, respectively, over the ripple, which would
lead to average, maximum, and minimum sediment
flushing rates of 5.9, 81, and 0.22 L m—2 d—!, respectively.
This range is somewhat lower than the previously estimated
in situ flushing rate of ~130 L m—2 d—1 at Hel, based on
respiration measurements. For such a comparison it is,
however, crucial to know the current speeds at the time the
O, microprofiles (which were used in the calculation of in
situ respiration rates) were measured. Unfortunately, we
have no simultaneously measured currents for the micro-
electrode penetration depths; however, for the planar
optode penetration depths (which were similar), we do
have simultaneously measured RMS current speeds of
~10 cm s~! which would result in flushing rates in the
upper range of those estimated for the previous compar-
ison.

Given uncertainties in the exact volumetric consumption
rate of the sediment and the permeability at the surface as
well as artefacts introduced by the measuring techniques,
we consider that this provides reasonable first-order
agreement with the chamber data. At this point we also
note that the prevailing conditions during this field
campaign were unusually calm. As such, the prevailing
current speeds (the most sensitive term in Eq. 4) and
sediment flushing rates in situ are most likely in the upper
range of those reported here. Furthermore, flushing rates in
the range of 60-130 L m—2 d—! are in good agreement with
other measurements and estimates of sediment flushing
rates under oscillating flow. At a relatively permeable site
(3.7 X 10—19 m2) in the Mediterranean Sea, a flushing rate
of 140 L m—2 d—! was estimated based on direct pore-water
flow measurements (Precht and Huettel 2004). It has also
been estimated that oscillating flow (which dominates at
Hel) may induce sediment flushing rates in excess of 50—
100 L m—2 d—! (Precht and Huettel 2003).
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Toward a common approach for measuring process rates
in permeable sediments—Our data here clearly show that
advective pore-water exchange had a marked effect on the
exchange of TCO, and O,. Given that much attention is
now focused on scaling up and incorporating benthic
respiration rates for global budgets (Middelburg et al.
2005) and predictive modeling (Berg et al. 2003), we suggest
that there should be a focus on obtaining a standardized
approach to accurately and reliably measure benthic O,
and TCO, exchange occurring in situ, which may be highly
decoupled from the actual sediment mineralization rates.
Often, benthic mineralization rates in sand sediments are
inferred from O, and TCO, fluxes measured in small-
diameter core incubations (e.g., Therkildsen and Lomstein
1993; Rysgaard et al. 2000; Ferguson et al. 2003), which
exclude advective pore-water exchange and most likely
underestimate the true exchange rates. Chamber incuba-
tions, such as those used here, provide a useful insight into
interactions between pore-water advection, solute fluxes,
and reaction rates, insight which cannot be seen in-
dependently of the boundary layer flow, topography, and
water column organic matter content present at the time of
the measurement in permeable sediments. Such measure-
ments, however, provide only the net outcome of this
complicated interaction of reaction and transport, under
one flow field geometry and flushing rate. Given the highly
dynamic nature of permeable sediments, we suggest that
a departure from the traditional approach to measuring
rates in relatively stable cohesive sediment environments is
needed.

We identify reaction and transport as two key factors
essential to extending our understanding of permeable
sediments. Fundamentally it is the interplay between
organic matter mineralization rates and the transport of
solutes through permeable beds that leads to a particular
biogeochemical condition, as illustrated by the contrast
between the dominance of oxic and anoxic mineralization
pathways at Sylt and Hel. We suggest that organic matter
mineralization rates be made under controlled conditions
using static core incubations, as described by Jahnke et al.
(2005). This approach assumes that (1) the mineralization
of labile organic matter will not be affected greatly by the
absence of O,, which seems reasonable based on our
current understanding of organic matter breakdown
(Kristensen et al. 1995; Hulthe et al. 1998) and that (2)
there will not be a significant depletion in the organic
matter pool over short incubation timescales, which also
seems reasonable given the observed linear trends in solute
concentrations observed by Jahnke et al. (2005).

Transport in permeable sediments is still very poorly
constrained in the field, and there are significant techno-
logical challenges to accurately measuring transport in situ,
as evidenced by the limited number of publications in this
area (Webb and Theodor 1972; Precht and Huettel 2004;
Reimers et al. 2004). The limited data available do,
however, clearly show that flow fields around sediment
topography conform well to those expected from ex situ
experiments (Huettel and Gust 1992; Huettel and Webster
2001; Precht et al. 2004) and model simulations (Shum
1992). We suggest that there is a need for a concerted effort
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to create two-dimensional models of pore-water flow fields
based on sediment topography and currents measured in
situ. The accuracy of these models can then be assessed by
spot measurements of pore-water flows under ripples, or
possibly using the two-dimensional observations of O, in
situ, such as those observed at Hel. Following the approach
of Cook et al. (2006), diagenetic models can then be
overlayed on the flow model so that the net biogeochemical
outcome can be simulated and the effect of changing
conditions (topography, bottom currents) evaluated. The
validity of these models can then be assessed by comparison
with in situ solute distributions or chamber incubations.

In summary, our measurements demonstrate that
advective pore-water exchange had a marked effect on
the relative and absolute fluxes of O, and TCO, across the
sediment-water interface in sublittoral permeable sedi-
ments. This was observed in chambers as well as in situ
using microelectrodes and planar optodes. Furthermore,
organic matter degradation pathways in sand can be highly
variable, ranging from predominantly aerobic to predom-
inantly sulfate reduction, depending on temperature,
availability of degradable organic matter in the sediment,
sediment permeability, sediment topography, and bound-
ary layer flow velocity. These variables change on different
timescales that range from months (permeability) to weeks
(organic matter content) to days (temperature) to hours
(topography) to minutes (boundary flow). Fluctuations in
flushing intensity alter sedimentary biogeochemical settings
(e.g., oxygen, nitrate, and sulfide content) within minutes
(e.g., oxygen injection), with consequences for microbial
decomposition that are poorly understood. Episodic events
such as major storms can profoundly shift the sedimentary
biogeochemical processes, for periods of weeks to months,
to another pathway (e.g., anoxic to oxic) by reoxidizing
reduced substances, enhancing permeability, advective
oxygen penetration, and removal of organic matter. To
date, most studies of metabolism in shallow permeable
sediments have ignored advective pore-water flow and its
temporal variability and have, therefore, most likely
underestimated the true metabolic rates. Thus, understand-
ing the role of permeable sediments in the coastal cycles of
matter requires new approaches and sampling schemes that
take the tight coupling between the interfacial fluxes and
variable boundary layer flows into account.
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