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Oxygen dynamics in permeable sediments with wave-driven pore water exchange
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Abstract

The effects of advective pore water exchange driven by shallow water waves on the oxygen distribution in a
permeable (k = 3.3 X 1072 t0 4.9 X 10~ m?) natural sediment were studied with a planar oxygen optode in a
wave tank. Our experiments demonstrate that pore water flow driven by the interaction of sediment topography and
oscillating boundary flow changes the spatial and temporal oxygen distribution in the upper sediment layer. Oxy-
genated water intruding in the ripple troughs and deep anoxic pore water drawn to the surface under the ripple
crests create an undulating oxic—anoxic boundary within the upper sediment layer, mirroring the topographical
features of the sediment bed. Anoxic upwelling zones under ripple crests can separate the oxic sediment areas of
neighboring ripple troughs with steep horizontal oxygen concentration gradients. The optode showed that migrating
wave ripples are trailed by their pore water flow field, alternately exposing sediment volumes to oxic and anoxic
pore water, which can be a mechanism for remobilizing particulate oxidized metal precipitates and for promoting
coupled nitrification—denitrification. More rapid ripple migration (experimental threshold ~20 cm h~*) produces a
continuous oxic surface layer that inhibits the release of reduced substances from the bed, which under slowly
moving ripples is possible through the anoxic vertical upwelling zones. Swift, dramatic changes in oxygen concen-
tration in the upper layers of permeable seabeds because of surface gravity waves require that sediment-dwelling

organisms are tolerant to anoxia or highly mobile and enhance organic matter mineralization.

The dominant boundary layer flows in shallow marine en-
vironments are those generated by surface gravity waves.
This dominance is reflected by the presence of wave ripples
structuring large areas of shallow sandy seabeds that are
abundant in coastal, estuarine, and shelf environments. Most
of these sandy sediments are permeable (k > 10-*2 m?) and
thus allow interstitial water motion. Pressure differences at
the sediment—water interface might drive interfacial solute
transport through the surface layers of these beds. This ad-
vective transport can exceed transport by molecular diffusion
by severa orders of magnitude (Huettel and Webster 2001).
In contrast, the major transport mechanisms in fine-grained
muddy sediments are molecular diffusion and locally bio-
turbation (Berner 1980; Aller 1982).

Increased fluid exchange between sediment and overlying
water affects the oxygen dynamics in permeable sediments
and therefore also affects biogeochemical processes. Booij
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et al. (1991) showed in benthic chamber experiments that
oxygen-rich water can be advected vertically into sandy sed-
iment, which increased the oxygen penetration depth in the
sediment as a function of the flow velocity of the overlying
water. Advective oxygen distribution in permeable sand be-
cause of unidirectional boundary flow interacting with sed-
iment topography was studied by Ziebis et al. (1996), who
showed that oxygen is transported rapidly and effectively
into deeper sediment layers and could thus enhance miner-
alization of organic matter (Forster et al. 1996). This organic
matter could be transferred from the boundary layer into the
top centimeters of the sediments as suspended particles or
phytoplankton by advection (Huettel et al. 1996b; Huettel
and Rusch 2000). As a consequence of these processes, ad-
vective pore water flow can generate a complex biogeo-
chemical zonation in the sediment with areas of enhanced
nitrification or iron precipitation and vertical channels
through which ammonium and reduced metals are trans-
ported to the sediment surface (Huettel et al. 1998).
Surface gravity waves produce oscillating flows at the
sediment—water interface by the wave orbital water motion
(e.g., see p. 54 in Denny 1988) in areas with a water depth
shallower than half the wavelength of the waves. The ability
of such oscillating boundary flows to drive pore water flow
was shown by Webb and Theodor (1968, 1972) by injecting
dyed water into coarse, sandy, nearshore sediment and ob-
serving its reappearance at the sediment surface. Wave-driv-
en in situ pore water velocities were measured by Precht and
Huettel (2004). Shum (1992) calculated the pore water mo-
tion under a rippled bed over one wave period with a two-
dimensional computational model, showing that the zone of
advection extends severa ripple heights below the ripple
surface over a wide range of wave conditions and sediment
characteristics. These transport studies suggest that waves,
by enhancing advective fluid exchange between sediment
and overlying water, also affect the biogeochemical process-
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es in permeable beds in the same way as unidirectional
flows. Oxygen distributions underneath a rippled surface ex-
posed to progressing waves modeled by Shum (1993) re-
vealed that, in permeable beds, oxygen concentration gra-
dients in the horizonta might be the same order of
magnitude as those in the vertical. In a wave tank study
quantifying the wave-induced advective interfacial ex-
change, Precht and Huettel (2003) showed that horizontal
tracer concentration gradients migrate with sediment topog-
raphy (ripple) propagation. These authors suggested that this
could be of significance for sediment oxygen dynamics be-
cause sediments might alternately be exposed to changing
oxygen concentrations.

The planar oxygen optode technique employed in this
study to assess the oxygen dynamics in the sediment was
introduced by Glud et al. (1996) and has been used suc-
cessfully to measure oxygen production, consumption, and
dynamics in marine systems (e.g., microbial mats, Glud et
al. 1998, 1999). Glud et al. (2001) aso developed an in situ
instrument for planar O, optode measurements at benthic
interfaces.

The aim of this study was to elucidate the effects of ad-
vection driven by wave-generated oscillating boundary flow
interacting with mobile sediment topography on the oxygen
dynamics of natural sediment. To achieve this goal, experi-
ments were carried out in natural sandy sediment in a lab-
oratory wave tank with a planar oxygen optode.

Materials and methods

Sediment and sediment preparation—The sediment used
in this study was collected in an intertidal flat at Sylt Island
in the German North Sea (55°2'N, 08°26'E) in February
2001 at a temperature of 4°C. Sediment was sampled in two
layers: the top 2 cm, then down to 20 cm depth. These sed-
iments were transported separately and were combined again
in the laboratory wave tank within 24 h of sampling. The
wave tank was filled with ~1,750 liters of artificial seawater
(Instant Sea™) with a salinity of 31 and kept at a constant
temperature of 17°C.

The sediment surface was leveled by the foraging activity
of a small Carcinus maenas crab, which also eliminated the
initially abundant Hydrobia ulvae mud snails. The sediment
then was left under a constant recirculating unidirectional
flow of ~5 cm st (at 10 cm above the bed) for 12 months
to regain a quasi-natural balance. Infauna consisted mostly
of oligochaetes of the Tubificidae family living in the upper
2 cm of the sediment. No nourishment was added to the
wave tank during the first months after the setup to prevent
accumulation of nutrients. Starting 8 weeks before and dur-
ing the experiments, powdered dried red algae (ground to a
particle size between 125 and 250 wm) equivalent to an input
of 1 g m2 was added biweekly by suspending the material
and evenly distributing it in the wave tank.

Sediment analyses—At the sediment sampling site, sedi-
ment cores (2.6 cm diameter, 12 cm long) were taken for
measurement of in situ permeability and porosity. Three rep-
resentative sediment samples were additionally taken for
grain size analyses. Before and after the experiments, sedi-

ment cores (2.6 cm diameter) were taken in the wave tank
for analyses of permeability (~12 cm long), porosity (10 cm
long), and grain size distribution (10 cm). Additionally, grain
sizes and permeability of the upper 2.5 cm of the sediment
were assessed.

For porosity and pore water analysis, the sediment sub-
cores taken in-situ and from the laboratory wave tank were
sectioned into 1-cm-thick horizontal slices. Porosity aver-
aged over depth, as calculated from wet and dry (after drying
until constant weight at 60°C) weights of the sediment slices,
was 37.1% (SD = 2.0, n = 10) in situ, 34.0% (SD = 2.3,
n = 20) before the experiments, and 36.2% (SD = 3.8, n =
30) after the experiments. The sediment subcores used to
assess the permeability were sealed after sampling and stored
at 4°C until the measurements were carried out within a few
days. Permeability was assessed by the constant head meth-
od (Klute and Dirksen 1986) directly on the retrieved sedi-
ment cores. Values for density and dynamic viscosity were
calculated after Krogel (1997). In situ sediment permeability
was 7.6 X 1002 m?2 (SD = 14 X 1072 m? n = 4) and
wave tank permeability 3.3 X 102 m? (SD = 0.8 X 10-*
mz2, n = 2), with higher permeability of the surface sediment
(upper 2.5 cm) of 4.9 X 100 m? (SD = 0.04 X 107 m?,
n = 3). In situ grain size distribution was determined by
desalination, drying, and sieving with a set of eight cali-
brated sieves. The median grain size of the sediment was
180 um.

Wave tank setup—The laboratory wave tank used in this
study was made of clear acrylic and had an open channel
length of 520 cm with a rectangular cross section (50 cm
high, 47 cm wide). Two acrylic boxes were put into the open
channel section (upstream box: 240 cm long, downstream
box: 120 cm long, both 19 cm high and spanning the entire
width of the channel) such that the gap between the two
boxes had a width of 120 cm and could be filled with sed-
iment (Fig. 1). Filled with a sediment layer of 22 cm depth,
this setup amounted to a sediment volume of 124 dm3. The
two boxes in the open channel section were covered with 3
cm of sediment to create an overall even surface with uni-
form roughness throughout the open channel section. Ini-
tialy, the sediment surface was level, and all subsequent
ripple formation was the response of the bed to the applied
wave action. Waves were generated at the upstream end of
the wave tank with a paddle driven by an electric motor,
controlling wave amplitude by the stroke of the eccentric
and wave frequency via motor speed. This setup permitted
reproducible generation of sinusoidal waves of selected am-
plitude and frequency. At the downstream end of the wave
tank, the dissipation of the waves was achieved by an arti-
ficial beach made of an acrylic plate 1 m long covered by a
10-cm-thick mat of highly permeable plastic foam, causing
the waves to run up and break.

Hydrodynamics—The hydrodynamic conditions in the
wave tank were measured with a three-beam DANTEC™
LDA (laser doppler anemometer) system in the backscatter
mode. This LDA technique alows three-dimensional mea-
surements of the flow velocity in a spheroidal measuring
volume 600 um long and 70 um in diameter. During the
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Fig. 1. Wave tank setup. WP, wave paddle; AB, artificial beach.

experiments, vertical velocity profiles (120-0.5 mm above
the sediment) of the horizontal and vertical velocities were
measured above unrippled sections of the experimental sed-
iment surface. In the water layer closer than 6 mm to the
sediment—water interface, the LDA setup only allowed the
measurement of the horizontal velocity component. During
the experiments in which ripples formed, the root mean
square values of the horizontal velocity (Ug,s) 12 cm above
the sediment surface ranged from 0.12 to 0.14 m s~*. In the
experiments with flow not sufficient to initiate sediment mo-
bilization, Ug,,s was ~0.06 m s,

Oxygen measurements—T he two-dimensional oxygen dis-
tribution was measured with a planar semitransparent oxy-
gen optode (3.7 cm wide, 5.7 cm high) glued to the inside
wall of the wave tank such that 2.7 cm of the optode was
above and 3 cm was below the level sediment—water inter-
face. The optical oxygen measurement is based on the dy-
namic or collisional gquenching of the luminescence of an
indicator by oxygen (Kautsky 1939). Commonly used oxy-
gen indicators are platinum-porphyrins embedded in a poly-
styrene matrix (Papkovsky et al. 1992; Liebsch et al. 2000).

The planar sensing foils comprised two layers. a trans-
parent polyester support foil (125 um thick, Goodfellow)
and the sensing layer, which was spread by knife. The lu-
minescent oxygen indicator (59 mg) platinum(ll) mesotetra
(pentafluorophenyl) porphyrin (Pt-PFR, Porphyrin Products)
was dissolved in 14.7 g chloroform (Merck, Darmstadt) and
1.63 g polystyrene (Sigma-Aldrich). To increase the amount
of excitation light within the sensing layer, 1.63 g titanium
dioxide particles (TiO, < 5 um, Aldrich) were added. These
particles do not interfere with the quenching but enhance the
signal by scattering. Therefore, they increase the output lu-
minescence signal at the expense of loosing a clear view of
the structure behind the sensor (Klimant and Wolfbeis 1995).
The concentration of the fluorophore in the cured sensing
layer was 1.8% (w/w). The thickness of the semitransparent
sensing layer was approximately 30 wm, resulting in an
overall thickness of the planar optode of 155 pum.

The O, distribution measurements were conducted by the
specially developed modular luminescence lifetime imaging
system, MOLLI, as described by Holst et al. (1998) and
Holst and Grunwald (2001). The planar optode was illumi-
nated by blue (A., = 475 nm) excitation light of diodes
(LEDs, HLMP-CB 15, Agilent), and the luminescence (A,
= 647 nm) emitted by the optode was filtered with a red
optical filter (80% transmission at =620 nm; Deep Golden
Amber, LEE-Filters) to remove most of the reflected exci-

tation light. The luminescence images of the planar optode
were recorded by a charge-coupled device (CCD) camera
(SensiCam, PCO) with a resolution of 640 X 480 pixels.
The images covered an area of 25.6 X 19.2 mm. Taking the
thickness of the sensing layer (30 wm) and the spatial res-
olution of the imaging system into account, the spatial res-
olution of the oxygen images was 40 X 40 um pixel~%. In
order to determine the distribution of oxygen concentrations,
the two-dimensional luminescence lifetime distributions
were evaluated by the rapid lifetime determination (RLD)
method (Woods et al. 1984; Ballew and Demas 1989;
Liebsch et al. 2000). Further image processing was carried
out with a custom-made computer program (Holst and Grun-
wald 2001). The planar optode was calibrated before and
after the experiments by recording images corresponding to
0% and 100% air saturation. The measured luminescence
lifetime distributions were converted into oxygen concentra-
tion values by a modified two-component model of the
Stern—Volmer equation (Klimant et al. 1995; Holst and
Grunwald 2001).

The accuracy of the oxygen measurements of the optode,
as determined with 11 high-frequency measurements, was
+7% of air saturation at 70-90% air saturation and +2.5%
at 0—10% air saturation. The lower accuracy at higher oxy-
gen concentrations occurs because higher oxygen content
leads to a weaker luminescence signal. The stahility of the
optode was checked by calibrations before and after the ex-
periments, and the calibration function of the sensor foil did
not change significantly during 1.5 yr of experiments. The
rate at which the optode could accurately follow changes is
~1 Hz, which is significantly lower than the measuring in-
tervals employed (minutes).

Sediment topography—The sediment relief in front of the
planar optode had to be assessed simultaneously with the
oxygen measurements. This was achieved by a CCD camera
positioned on the side of the wave tank opposite the planar
optode. The camera's field of vision covered the area of the
planar optode and was fixed slightly elevated relative to the
optode in a 10° downward angle so that the sediment topog-
raphy directly in front of the optode did not obstruct vision
(Fig. 2). The camera was triggered simultaneously with the
diodes that emitted the excitation light for the oxygen mea-
surements. Thus, the obtained images showed the planar op-
tode with the background light of the diodes and was partly
darkened by the respective sediment relief. The sediment
relief was assessed from these images with an edge-detecting
algorithm that used the transition between dark and light
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Fig. 2. Side view of the setup for the simultaneous oxygen and
surface topography imaging in the wave tank.

regions of the image corresponding to the sediment surface
relief. With three fluorescently marked reference points, the
horizontally mirrored image of the sediment surface relief
and oxygen distribution images could be aligned precisely.
The sediment relief line was superimposed on the oxygen
distribution images in a batch conversion routine. Time se-
quences of the resulting composite images were combined
to produce animations of the oxygen dynamics in the sedi-
ment, simultaneously showing the changes of the sediment
relief.

Experiments—To assess pore water velocities and pore
water flow patterns under typica wave conditions, an ex-
periment was carried out with waves equivaent to those in
experiments 2, 5, 6, and 7 (Table 1). Prior to the experiment,
the sediment surface was leveled. After the waves were
switched on, ripples formed (wavelength = 2.5 cm, ampli-
tude = 0.5 cm), and Rhodamine WT solution was injected
into the sediment at various locations adjacent to the trans-
parent wave tank wall next to the planar optode—ripple
troughs and crests included. The development of the dye
clouds in the sediment was recorded in high-resolution pho-
tographs taken at distinct time intervals (15 or 60 s). From
the dye migration, the pore water velocities could be as-

Seven successful wave tank oxygen dynamics experi-
ments were conducted between April and June 2002. All
experiments were carried out with surface gravity waves of
variable lengths and heights. The bed was smoothed before
the experimental runs, and no artificial roughness elements
were placed on the sediment surface. Exceptions were ex-
periments 3 and 4, which were carried out with the remain-
ing sediment topography of the previous experiment 2 to test
the case of identical sediment topography and decreased flow
velocities. During all experiments, oxygen images measured
by the planar optode, together with the sediment relief im-
ages, were recorded. The experimental parameters relevant
to the different experimental settings are listed in Table 1.

Results
Ripples—Orbital wave ripples formed in all experiments

with smooth sediment surfaces in a matter of minutes (Table
1). However, the ripple evolution did not occur in a regular
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Fig. 3. Summary of pore water velocity measurements con-
ducted with soluble tracer. The arrows indicate the observed pore
water directions and are not to scale. The scale bar (mm) is shown
at the bottom.

manner and uniformly in all experiments. Usualy, ripples
evolved in patches and spread over the rest of the sediment
surface. Therefore, it could take some time until ripples
formed in front of the planar optode. Ripple migration did
not occur continuously and was characterized by variable
velocities. Moreover, it could be observed that in the first
experiment, ripple evolution was generally slower, which can
most likely be attributed to EPS (extracellular polymeric
substances) excreted by active organisms on the sediment
surface. This effect was however not investigated further in
the experiments.

Pore water velocity—A symmetrical advective flow pat-
tern develops when the oscillating boundary flows interact
with the wave ripples. Water enters the sediment at the ripple
troughs and leaves it at the ripple crests. Figure 3 shows the
directions of pore water movement with the corresponding
velocities assessed from the measurements of the injected
dye clouds. Pore water velocities are higher closer to the
sediment and lie in the range of centimeters to decimeters
per hour.

Oxygen measurements—The average oxygen penetration
depth into the sediment under stagnant conditions without
waves was ~3 mm. This oxygen distribution, governed pre-
dominantly by molecular diffusion, was only locally atered
by oligochaete bioirrigation (Fig. 4a).

After the waves were switched on, but prior to the for-
mation of sediment ripples in front of the planar optode, the
oxygen penetration depth slowly increased to 5 mm within
~80 min (Fig. 4b). This effect can be attributed to advection
associated with small-scale surface roughness or wave
pumping (Riedl et a. 1972).

Figure 4a,b shows nonsaturation oxygen values in the wa-
ter column. This is an effect that occurs when large anoxic
areas are imaged by the oxygen optode. Because of reflec-
tions of the luminescent light within the acrylic wave tank
wall, anoxic regions of the studied area affect the measure-

oxygen (umol L

oxygen (umol L

Fig. 4. (a) Oxygen image under stagnant conditions without
waves (experiment 3). The black line indicates the sediment surface
relief. (b) Oxygen image demonstrating an increased oxygen pen-
etration depth under oscillating flow in the absence of sediment
topography (experiment 6). The black line indicates the sediment
surface relief. (c) Image of oxygen distribution linked to a stationary
sediment ripple under oscillating flow (experiment 1). The black
line indicates the sediment surface relief. Each black and white bar
of the scale corresponds to 1 mm.

ments in neighboring oxic regions. Although areverse influ-
ence also takes place, the former is more pronounced be-
cause of the stronger luminescence intensity generated
within anoxic regions. This effect lowers the spatial reso-
lution of the oxygen images, but on a lower spatial scale
than required to observe the principles of the processes stud-
ied here.

After ripples formed in front of the planar optode, the
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Fig. 5. Horizontal (left) and vertical (right) oxygen concentration profiles extracted from an
optode image underneath a stationary ripple under oscillating flow (experiment 1). The black lines
indicate the sediment surface relief; the grey lines show the extracted profiles. The depicted gradients
of the oxygen concentration profiles correspond to (a) 49, (b) 39, (¢) 150, and (d) 190 wmol L-*

mm-1.

changes in the oxygen distribution in the sediment as a result
of the ensuing advective pore water flows could be recorded
with the optode. Upwelling of anoxic pore water from lower
sediment layers led to an oxygen-depleted zone underneath
the ripple crests. In the ripple troughs, oxygen-rich water
from the water column was forced into the sediment, gen-
erating oxygenated zones in the sediment that reached a
maximum depth of 1 cm (wave amplitude = 8 cm, wave-
length = 80 cm; ripple amplitude = 0.4 cm, ripple wave-
length = 2.9 cm). Thus, the pore water flows produced an
oxygen distribution pattern reflecting the structure of the rip-
ple topography, with alternating oxic and anoxic zones as-
sociated with ripple troughs and crests, respectively (Fig.
4c). This oxygen distribution led to steep horizontal oxygen
concentration gradients underneath the ripple crests (Fig. 5).

In the experiments with existing sediment ripples at the
optode and flow that was not strong enough to initiate further
sediment movement, it could be observed that the final ox-
ygen distributions in the sediment were similar regardless of
the hydrodynamic forcing. With decreasing wave energy, the
time needed to reach the final equilibrium was increased
(from 46 min in experiment 3 to 216 min in experiment 4),
showing that the pore water flow pattern is dependent on the
sediment topography, whereas the pore water velocity is de-
pendent on the magnitude of the hydrodynamic forcing. With
even lower bottom flows, higher oxygen consumption, or
both in the sediment, one can expect the equilibrium oxic—
anoxic boundary to be shifted upward in the sediment be-
cause the reduced input of oxygen-rich water into the sedi-

ment cannot cover the demand of oxygen-consuming
processes in the sediment.

In the case of sediment ripples migrating in front of the
planar optode, the pore water flow field and the associated
oxygen distribution migrated with the ripples, alternately ex-
posing sediment to oxic and anoxic conditions. This is
shown in Fig. 6a (upper panel) presenting a series of oxygen
distribution patterns under slowly migrating ripples.

The effect of exposing sediment alternately to variable
oxygen concentrations is depicted in Fig. 6b, showing oxy-
gen profiles extracted from the same vertical row of pixels
of the two-dimensional oxygen images as a function of time.
This figure demonstrates how an initial equilibrium phase
(75 min) was succeeded by a phase with ripple migration,
causing pronounced oxygen changes in the sediment. The
redox conditions at one single vertical profile in this case
changed six times from anoxic to oxic within 90 min.

When ripples migrated faster, at rates of 10 to 20 cm h™?,
the oxygen-depleted zones started to lag behind the ripple
crests and showed incompletely anoxic conditions (Fig. 6a,
middle panel). When the ripple migration velocity in our
experiments exceeded ~20 cm h-?, the anoxic or oxygen-
depleted zone underneath the ripple crest became completely
detached from the ripple topography, leading to a thick, un-
interrupted oxygenated sediment surface layer (Fig. 6a, low-
er panel). This is in accordance with Elliott and Brooks
(1997a,b), who found that release and trapping of pore water
exchanges more water between the sediment and overlying
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water than advective pore water flow when the ripple mi-
gration velocity exceeds the pore water flow velocity.

The dynamics of the oxygen distribution become clearer
in the animations that can be found in Web Appendix 1
(http://www.asl o.org/lo/toc/vol -49/issue-3/0693al.html). The
oxygen distribution in the sediment beneath a stationary rip-
ple after the waves were switched on (corresponding to Fig.
4a,c), as well as the oxygen dynamics in the sediment with
slowly and fast-migrating ripples (corresponding to Fig. 6),
are shown.

After the waves were switched off, the effects of the sed-
iment’s oxygen consumption could be observed with the op-
tode. The oxic—anoxic boundary slowly moved upward until
oxygen distributions reached the pre-experimental state with
a homogeneous diffusive oxygen penetration depth of about
3 mm.

The oxygen consumption rates (OCRs) were calculated by
fitting the changes in O, concentration over time (Fig. 7). In
a pixel close to the sediment surface (circle), the O, con-
centration changed linearly with time, indicating that the ef-
fect of diffusion was negligible. The corresponding OCR,
equivalent to the negative value of the slope of the O, de-
crease, was 0.32 = 0.01 wmol L-* min-.

The situation is different in a pixel close to the oxic—
anoxic boundary (square). The decrease of O, with time is
initially faster (~1.53 = 0.07 uwmol L-* min-* during the
interval between 0 and 50 min) and gradually slows down
(~0.28 = 0.03 umol L=t min~* during the interval between
150 and 200 min) because of the combined effects of oxygen
consumption by the sediment and molecular diffusion that
causes depletion of O,. The influence of diffusion was de-
termined by examining the images of O, distribution at the
time intervals 0-50 min and 150—200 min. It was found that
the rate of the observed O, depletion was enhanced by mo-
lecular diffusion during the first timeinterval, whereas it was
slowed down by diffusion during the second time interval.
Subtracting the contribution of molecular diffusion from the
observed O, depletion rate, we found that the true OCR here
was about 0.67 = 0.07 wmol L-* min-,

Because these two pixels are representatives of two ex-
tremes, we can conclude that the O, consumption rate varied
across the oxic part of the sediment between 0.32 = 0.01
and 0.67 = 0.07 wmol L= min-%. It should be noted that
these values are expressed in terms of the volume of the
pore water. If one wants to obtain the values expressed per
volume of sediment, one would have to multiply them by
porosity, which in our case was ~36%.

Discussion

We showed in a previous study (Precht and Huettel 2003)
that the interaction of wave-generated oscillating boundary
flows and ripple topography produced zones of up- and
downwelling pore water in permeable sands that propagated
with ripple migration. These finding suggested that waves
can produce a complex and dynamic oxygen distribution in
sandy sea beds that would strongly influence benthic organ-
isms and sediment biogeochemistry.

Here, we demonstrated that wave-driven advective pore

water flow associated with sediment wave ripples creates a
pattern of sediment zones where oxygen-rich water is forced
into the bed aternating with zones where anoxic pore water
is drawn to the surface. The spatial and temporal distribution
of these zones is closely related to the ripple topography and
its changes. Because the oxygen distribution under such a
rippled surface changes mainly in two dimensions, the planar
oxygen optode technique proved to be a powerful tool to
investigate the two-dimensional distribution and dynamics of
oxygen distribution at the spatial and temporal scales of the
pore water flow field.

Sediment permeability, magnitude of boundary currents,
and ripple height and spacing control the advective pore wa-
ter velocities, flow directions, and penetration depths (Huet-
tel and Webster 2001). The advective penetration of a re-
actant like oxygen additionally depends on the consumption
rates in the flushed sediment layers. Thus, the oxygen dis-
tribution pattern we observed is a complex result of oxygen
injection into specific areas, with ensuing directed oxygen
transport along streamlines, and sedimentary oxygen con-
sumption characterized by a vertical gradient, with higher
rates in the deeper layers. The waves transformed the smooth
sediment with a thin, continuous, oxygenated surface layer
into a rippled bed with a thick oxygenated layer interrupted
by oxygen-depleted zones of upwelling deep pore water.
Consequently, steep horizontal oxygen concentration gradi-
ents developed in the sediment, as had been predicted by
Shum (1993).

The advective oxygen transport in our sediments from the
wave-topography interaction was more than one order of
magnitude faster than transport by diffusion (with our set-
tings, 0.13 cm in 1 h), explaining the relatively deep oxygen
penetration into a sediment with oxygen consumption rates
of 0.33-0.67 umol L=* min~*. In permeable sediments with
a homogeneous permeability, the vertical extension of the
pore water flow field equals approximately the ripple wave-
lengths (Rutherford et al. 1995). The maximum oxygen pen-
etration depth we could observe in the ripple troughs was
14 mm, which corresponds to 18 mm below the flat sediment
surface. With ripple wavelengths between 25 and 30 mm,
the oxygen penetration depth we observed was only slightly
lower than the sediment depth theoretically affected by ad-
vection, demonstrating the dominance of oxygen injection
over oxygen consumption, athough our sediment had con-
sumption rates common in shelf sediments. Because of this
dominance, pore water flushing caused by the interaction of
oscillating boundary flows and ripple topography increased
the oxic sediment volume more than threefold in our exper-
iments compared with the situation of a stagnant water col-
umn and diffusive transport alone.

Biogeochemical zonation—In our previous wave tank ex-
periments (Precht and Huettel 2003), sharp boundaries of the
dye patterns developed, which revealed that the pore water
drawn to the surface under the ripple crest mixes very little
with pore water of adjacent sediment zones. The fluid ba-
sicaly flows to the surface along streamlines that do not
cross, except for the mixing caused by dispersion in the po-
rous medium. Because the pore water ascends from different
biogeochemical reaction zones, a pattern develops with up-
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(a) Time series of images of oxygen distributions under a slowly migrating ripple with

afully developed mobile upwelling zone (upper panel: image interval, 1 min; experiment 6), under
a migrating ripple with an upwelling zone lagging behind the ripple crest (middle panel: image
interval, 2 min; experiment 2), and under a fast-migrating ripple with no anoxic upwelling zone
linked to ripple crests (lower panel: image interval, 2 min; experiment 2). (b) An example of atime
series oxygen profile extracted from one selected vertical row of pixels of the planar optode images,
revealing a temporal exposure of the sediment to redox oscillations (experiment 6).

welling flows that differ in their solute inventories. These
pore water flows focus and narrow as they approach the
ripple crest where fluid of different composition (and resi-
dence time in the sediment) emerges through narrow bands
paralleling the crests (Fig. 8). With increasing distance from
the center zone, these * emergence bands”’ release pore water
from lesser and lesser depths and with shorter residence
times in the sediment. As revealed by the oxygen concen-
tration pattern under the stationary ripple (Fig. 4c), this pro-
duces bands of distinctly different geochemical characteris-
tics at the sediment surface, which can be reflected, for
example, by bands of different iron precipitates (Huettel et
al. 1998). Microorganisms like sulfide oxidizers, denitrifiers,
or iron oxidizers can profit from such patterns and the steep
concentration gradients they produce (Fig. 5). Although the
central upwelling zone might carry refractory dissolved or-
ganic matter (DOM), Fe?+, and NH; to the surface, *‘ outer”
zones might release more labile DOM and NO; resulting
from enhanced organic matter decomposition and nitrifica-
tion in the ripple slopes.

The situation in the ripple troughs is different. No solutes
can be released from this area because molecular diffusion
cannot counteract the water flow into the sediment. Thisim-
plies that flux out of rippled permeable sediments averaged

over larger areas only occurs through a fraction of the actual
sediment surface area that is confined to the ripple crests. In
our experiments, the total width of the upwelling zone at the
ripple crest was between 6 and 8 mm, while the sediment
band separating these zones was ~20-24 mm wide. This
resulted in an uptake: release area ratio of about 3, whereas
the volume flow through both areas is the same for reasons
of mass balance (which explains why the upwelling pore
water flow reaches higher velocities than the downwelling
flows; Fig. 3). Because the width of the upwelling zone
linked to each ripple should be proportional to the ripple
wavelength, we conservatively estimate that, also in natural
environments, the flux from a permeable sediment into the
water column occurs only in <30% of the actual sediment
surface areas in seabeds where advective exchange is effec-
tive. This demonstrates a major difference between sandy
and cohesive sediment beds. in permeable seabeds, the flux-
es are tightly linked to surface topography, and the fluxes
out of the sediment occur in confined areas that are much
smaller than the areas with fluxes into the sediment. In co-
hesive sediments, the mainly diffusive fluxes occur over the
whole sediment surface in both directions, in and out of the
sediment, with local hotspots, where directed bioturbative
transport prevails.
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Fig. 7. Assessment of the oxygen consumption rates in the sediment. (a) Optode image of
oxygen distribution directly after experiment 1. (b) Optode image of oxygen distribution 80 min
after the experiment. The square and the circle (not to scale) indicate the areas of 3 X 3 pixels
(~100 X 100 wm) over which the oxygen consumption rates were calculated. (c) Fitting the changes
of the O, concentration over time: circles, O, concentration close to the sediment corresponding to
an OCR of 0.32 = 0.01 umol L-* min-%; squares, O, concentration deeper in the sediment close

to the initial oxic—anoxic boundary.

The advective pore water motion and the linked oxygen
distribution also affect the microbiological system, which in
turn affects the biochemical zonation. Prior to the experi-
ments, the sediment in our study was kept under constant
recirculating flow for 12 months; thus, the microbiological
community had time to adjust to the new conditions. During
the experiments, the oxic—anoxic boundary shifted, which
implies that either the newly oxygenated zones became rap-
idly colonized by aerobes or that aerobic microorganisms
were already present and became active. Because they are
not the focus of this study, we have no information on these
mechanisms. In later experiments, however, we can expect
a microbial community that is tolerant against oxic and an-
oxic conditions and therefore adapted to the rapid changes
in oxygen in the upper sediment layers.

Natural environments—The effect of wave action and bot-
tom currents on interfacial pore water exchange was studied
on an intertidal North Sea sandflat by Rutgers van der Loeff

(1981). An increased apparent diffusivity in the upper 1.5
cm of the sandy sediments was measured. M easurements of
pore water oxygen profiles in the North Sea by Lohse et al.
(1996) reveded that the effective oxygen diffusion coeffi-
cients in the surface layers of sandy sediments could be
>100 times higher than the molecular diffusion coefficients,
which was attributed to turbulent diffusion driven by near-
bottom currents. Moreover, Webb and Theodor (1968) and
Precht and Huettel (2004) observed that wave-driven advec-
tive pore water flow is a natural process occurring in near-
shore environments. Because the processes studied here are
caused by the interaction of boundary flows and topography,
it could be argued that in spite of small wavelength and
shallow water depth, the laboratory results are applicable to
natural permeable sediments affected by waves.

Sandy sediments are abundant in the global continental
shelf environment (Emery 1968; de Haas et al. 2002), and
sands like our experimental sediment with a median grain
size of 180 um are common on the shelf; for example, Cac-
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Fig. 8. Schematic drawing of the biogeochemical reaction zones
underneath stationary ripples created by wave-induced advective
pore water flow. In the center of the release areas, pore water from
the deepest reaction zones emerges, whereas at the outer edges of
these areas, pore water that resided for a shorter time in the sedi-
ment, and therefore has a different solute content, |eaves the sedi-
ment. Black arrows indicate flow out of the sediment, white arrows
flow into the sediment.

chione et a. (1999) and Ogston and Sternberg (1999) de-
scribe shelf sands with a grain size of 125-250 um and
ripples of 9 cm wavelength at 60 m water depth.

Previous studies have shown that wave-induced boundary
flows might reach the sediment surface in large areas of the
global continental shelf down to >100 m (Wiberg and Harris
1994; Harris and Wiberg 2001). The extent of the shelf areas
affected by waves was numerically assessed by Harris and
Coleman (1998): for example, in large areas of the southern
North Sea, wave-induced flow exceeds the mobilization
threshold for quartz sands of 100 um diameter 10-50% of
the time.

However, the wave ripples that formed during our exper-
iments were of the orbital type (Wiberg and Harris 1994),
with wavelengths between 2.5 and 3 cm. Under natural con-
ditions, mainly anorbital ripples with comparable heights but
longer wavelengths (~9 cm for a sediment of our grain size)
are formed. This suggests that, in nature, wave-driven pore
water advection affects greater sediment depths than in our
experiments, given that the permeability of the sediment is
sufficiently high. As the pore water flow velocities decrease
with depth, the oxic water entering the sediment in the ripple
troughs will be deoxygenated by oxygen consumption be-
cause of the longer residence time in the sediment. There-
fore, it is unlikely that the sediment depth affected by ad-
vective transport equals the actual sediment depth that is
exposed to oxygen through advective flushing. Nevertheless,
larger ripple spacing means that the sediment depth from
which material can be released is increased. Thus, a storm
event that produces or enhances bed ripples might affect
sediment water exchange and penetration depth of advective
pore flows much longer than its actual duration because of
the persistence of the topography. After a storm, this ** mem-
ory effect” might increase sedimentary biological and bio-
geochemical activity by the higher particle filtration and ox-
ygen penetration associated with the ““new’” topography.

Fig. 9. Schematic diagram of (a) no sediment topography, os-
cillating flow; (b) stationary ripples; (c) ripples moving slower than
pore water; (d) ripples moving faster than pore water. Grey indicates
anoxic pore water. Arrows indicate water or pore water flow direc-
tions. See text for further details.

Effect of sediment topography—This study revealed four
scenarios of advective interfacial exchange caused by waves
dependent on the existence and mobility of sediment topog-

raphy (Fig. 9).

(1) Sediment without significant topography: This sce-
nario involves the development of a continuous oxidized
sediment surface layer with a slightly increased oxygen pen-
etration depth from small-scale advection, shear-driven
Brinkman flow (Basu and Khalili 1999), and possibly wave
pumping (Riedl et al. 1972). Additional solute release is
caused by molecular diffusion and bioirrigation. The sedi-
ment is redox sealed, meaning that reduced substances that
precipitate or are adsorbed under oxic conditions (e.g., Fe**)
cannot penetrate from deeper, anoxic sediment layers to the
surface because they are trapped in the oxidized surface lay-
er.

(2) Sediment surface with stationary ripples: This sce-
nario has vertically alternating oxic and anoxic surface lay-
ers, with the oxygen penetration depth locally increased by
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Fig. 10. Top views (upper panels) and cross-sections of a
coarse-grained, rippled, permeable sediment (left) and a fine-
grained, impermeable bed (right). Black indicates solute flux from
the sediment, white indicates solute flux into the sediment, and grey
is simultaneous flux into and out of the bed at the same location in
the impermeable bed. The flux in and out of a rippled, permeable
bed is limited to distinct zones of in- and outflow, whereas the
diffusive transport that prevails in fine-grained sediments occurs
over the whole sediment surface area (with bioturbation producing
local hotspots of transport).

nearly one order of magnitude. The flushed sediment volume
compared to stagnant conditions increases more than three-
fold. Upwelling of pore water from deeper sediment layers
creates anoxic channels to the surface, through which re-
duced substances can be released to the water column. A
horizontal geochemical zonation develops at the ripple crests
with the deepest, and likely strongest, reduced pore water
emerging in the center of the ripple crest. With increasing
distance from this central upwelling, the pore water released
from the ripple originates from less and less deeper zones,
thus containing lesser amounts of reduced substances. The
vertical anoxic upwelling zones under the ripple crests might
confine oxygen-dependent meiofauna to the sediment vol-
ume undernegath the ripple troughs.

(3) Sediment surface with ripples moving slower than
pore water: The flushed sediment volume relative to stagnant
conditions increases more than threefold and is comparable
with scenario 2. Mobile pore water upwelling zones, alter-
nately exposing sediment volumes to oxic and anoxic con-
ditions, enhance organic matter degradation in the upper sed-
iment layer through associated redox oscillations (Aller
1994).

Anoxic upwellings passing through oxic zones could re-

mobilize precipitated oxidized iron or manganese com-
pounds and leach reduced Mn or Fe from the sediment. The
cycling of Fe and Mn is believed to be closely linked to
bioturbation because it constitutes the mechanism that trans-
ports oxidized precipitates into deeper, anoxic sediment lay-
ers, where they are remobilized (Aller 1990; Canfield et al.
1993). The mechanism we describe here opens a secondary
pathway for the remobilization and cycling of oxidized metal
precipitates.

Mobile vertical anoxic zones might cause migration of
oxygen-dependent infauna and select for a bacterial com-
munity that is tolerant to oxygen and anoxic conditions. Sul-
fide oxidizers that depend on oxygen or that can store nitrate,
like Beggiatoa (Jargensen and Des Marais 1990) or Thio-
ploca (Fossing et al. 1995; Huettel et a. 1996a), might profit
from alternating pore water down- and upwelling. Likewise,
nitrifiers and denitrifiers could profit from this alternating
exposure.

(4) Sediment with ripples moving faster than pore water:
In this case, the upwelling of pore water is too slow to follow
the ripple migration. A continuous oxic layer can develop
that creates a redox-sealed sediment with an undulating
oxic—anoxic interface. The sediment volume flushed by ox-
ygen-rich water reaches a maximum under these circum-
stances (increased more than sixfold to stagnant conditions).
Intensive mixing of upwelling and downwelling pore water
within the sediment might cause layers with increased pre-
cipitation of redox-sensitive substances (e.g., the common
ferric iron coatings on surface layer sands).

Between scenarios 3 and 4, there is a gradual transition.
In our experiments, when the ripples propagated at velocities
of <10 cm h=%, the oxygen-depleted zones under the ripple
crests were fully developed with fully anoxic conditions in
the centers (scenario 3). With ripple propagation velocities
of >20 cm h=%, the upwelling zone became detached from
the ripple crests (scenario 4). With pore water velocities be-
tween 10 and 20 cm h2, the oxygen-depleted zone trailed
behind the ripple crest and showed only slight oxygen de-
pletion. Therefore, ripple migration velocity defines not only
how long a sediment volume is exposed to anoxic conditions
but also the degree of anoxia and which spectrum of sub-
stances can be *‘leached” from the sediment because of the
passage of an oxygen-depleted or oxic zone (applicable to
Fe, Mn, NO,, NH,, PO,, and possibly to heavy metals like
Pb, Cd, or Hg).

Doucette et al. (2002) measured the migration rates of
wave ripples 45 m offshore at shallow water depths with
ripple wavelengths and sediment grain sizes comparable to
those in our study. They observed averaged ripple migration
rates of 55 cm h=%, which would mean that, at least in the
highly mobile nearshore environment, scenario 4 of aredox-
seadled sediment with completely oxic surface layer occurs.
Migration rates of larger wave ripples (ripple wavelengths
typically 10—100 cm; sediment median grain size = 400 um)
were measured by Traykovski et al. (1999) at 11 m water
depth, and it was found that these bedforms moved at ve-
locities between 1 and 3 cm h-1. These values show that all
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the scenarios we described for the flume sediment can occur
in natural environments.

We conclude that surface gravity waves can control oxy-
gen transport and distribution in shallow permeable sedi-
ments. Because this influence is affected by the formation
of sediment wave ripples and associated advective pore wa-
ter flows, the regularity of the ripple topography is reflected
in the oxygen distribution pattern in the upper sediment lay-
er, with alternating zones of oxic and anoxic sediment. This
establishes a fundamental difference between fine-grained,
impermeabl e sediments and sandy permeable beds. Although
in the fine-grained beds the diffusive sediment—water solute
exchange takes place everywhere at the surface and simul-
taneously in both directions (into and out of the sediment
via diffusion and associated counterdiffusion), influx and ef-
flux is spatially well separated in permeable sand beds, with
solute penetration in the ripple troughs and solute release
from the ripple crests (Fig. 10). Thus, the fluxes into the
sediment take place through a larger surface area than the
fluxes out of the sediment. The separation of influx and ef-
flux can generate a regular pattern of extremely different
biogeochemical zones at the surface. The tight link between
topography and pore water flow fields makes this distribu-
tion pattern highly dynamic, as ripples migrate or change
their shape. Through the persistence of ripples after a storm
event, this memory effect of the sea bed might control sed-
iment metabolism a long time after such an event, through
advective exchange caused by the interaction of boundary
flows (e.g., tidal flows) and relict topography.
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