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Pore-water advection and solute fluxes in permeable marine sediments (1): Calibration
and performance of the novel benthic chamber system Sandy
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Abstract

This contribution introduces the benthic chamber system Sandy that was developed for studying in situ solute
fluxes in permeable sandy sediments where advective pore-water transport can dominate solute exchange across the
sediment—water interface. The Sandy system can be deployed at the seafloor, where it autonomously performs
measurements of sediment—water solute fluxes. The innovative features include an insertion mechanism that permits
gentle and deep penetration of the chamber into hard consolidated sands with minimum disturbance, and an ad-
justable stirrer that generates a rotationally symmetric pressure gradient between the center and the circumference
of the enclosed sediment surface. In contrast to similar systems, Sandy takes advective pore-water exchange into
account. Through adjustment of the stirring rate, defined pressure gradients can be established that are similar in
shape and magnitude to natural pressure gradients that develop at topographical structures of current-exposed sed-
iment surfaces. Solute fluxes measured in the chamber at a specific ‘‘advective” stirrer setting can be compared
with those obtained at reduced stirring, where pressure gradients are absent and solute exchange therefore is re-
stricted to diffusion and bioirrigation. Rates of pore-water exchange that were determined by means of tracer
experiments at different stirrer settings in natural coarse-grained North Sea deposits demonstrate the feasibility of
this approach. This permits, for the first time, an evaluation of the contribution of advective exchange to the total
interfacial solute flux in situ and makes Sandy a valuable tool to study advection-related processes in permeable

shelf sediments.

Sandy deposits represent the predominant sediment type
in shelf areas worldwide (Emery 1968). The relatively large
pore spaces of sands result in high permeabilities that alow
for pore-water advection, i.e., mass transport of water across
the sediment—water interface and within the sediment itself
(Thibodeaux and Boyle 1987). The associated solute ex-
change between the bottom water and the sediment may ex-
ceed molecular diffusion by orders of magnitude and poten-
tially stimulates both chemical reactions and the metabolic
activity of biota within the sediment (Huettel and Gust
1992a). In laboratory incubations of sandy sediments, this
was found to result in enhanced interfacial fluxes of reactive
and biologically relevant solutes such as oxygen, nutrients,
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and heavy metals (Booij et a. 1991; Forster et a. 1996;
Huettel et al. 1998). If pore-water advection similarly inten-
sifies metabolic activities and benthic fluxes of sands under
natural conditions, it may substantially contribute to organic
matter turnover in shelf environments including rates of car-
bon mineralization, nutrient recycling, and recycled primary
production (Boudreau et al. 2001; Huettel et al. 2003). De-
spite this potential ecological relevance, the significance of
advection to solute fluxes in natural permeable sedimentsis
still largely unresolved.

Pore-water advection in the natural environment is typi-
cally driven by horizontal pressure gradients at the sediment
surface that occur when bottom flow is deflected by topo-
graphical structures such as mounds or ripples (Huettel and
Gust 1992a; Precht and Huettel 2003). Since the pressure
gradients scale both with flow velocity and roughness ele-
ment height (Huettel and Gust 1992a; Huettel et al. 1996),
rates of advection and their potential significance for bio-
geochemical processes are closely linked to environmental
conditions at the sediment—water interface. Even at a single
location, pressure gradients will vary because tidal, wave-,
and wind-driven currents as well as sediment topographies
constantly change at time scales ranging from seconds to
seasons (e.g., Wheatcroft 1994). The tight coupling of pore-
water advection rates to the environmental conditions and
their spatial and temporal variability makes flux measure-
ments in sands a challenging task.

Measurements of benthic solute fluxes are commonly ob-
tained with benthic chambers by following the evolution of
solute concentrations within the water volume that is en-
closed together with the underlying sediment. Upon enclo-
sure the ambient currents are replaced by the flow within the
chamber water. Depending on chamber design this flow in-
troduces characteristic patterns of shear stress, diffusive
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boundary layer (DBL) thickness, and differential pressures
at the sediment surface (see Tengberg et a. 1995 for an
overview of chamber designs). Recent intercalibration stud-
ies have revealed that chamber-derived diffusive fluxes in
muddy sediments of moderate biogeochemical activity are
not biased by chamber design and stirring intensity (Teng-
berg et al. 2004; Tengberg et al. in press). In permeable
sediments, on the contrary, fluxes are expected to be strongly
dependent on stirrer-induced pressure gradients that develop
at the sediment surface also in the absence of sediment to-
pography due to centrifugal forces in chamber water flow
cells (Glud et al. 1996). Similar to pressure gradients at cur-
rent-exposed topographical features, these stirrer-induced
gradients result in pore-water advection that circulates the
overlying water through the sediment (Huettel and Gust
1992b). Patterns and magnitude of the pressure gradients and
rates of the ensuing advective exchange in the chambers are
hard to predict. They depend on chamber geometry as well
as on dtirrer design (e.g., rotating stirrer bars, discs, paddlie
wheels, or circulation pumps), and stirrer orientation (e.g.,
pressures are higher in horizontally than in vertically stirred
chambers) (Tengberg et al. 2004; Tengberg et al. in press).
Benthic fluxes that are measured with chambers in the pres-
ence of undefined pressure gradients are potentialy biased
and hence of limited use (Booij et al. 1991; Glud et al. 1996;
Jahnke et al. 2000). At a given chamber design, however,
the pressure gradient that is generated by the stirring in the
chamber is a direct function of stirring rate (Tengberg et al.
2004). Therefore, if firm knowledge exists on the pressure
distribution within the chamber and the relationship between
pressure gradient magnitude and stirring rate, then chambers
may serve as model systems to study solute transport, bio-
geochemica processes, and benthic fluxes in undisturbed
natural sands under defined conditions of advective trans-
port. Such chambers would alow for incubations at docu-
mented or even standardized pressure gradients, which
would facilitate comparisons of fluxes obtained in different
sandy environments. In addition, sediments at a given site
could be exposed to changing pressure settings in order to
investigate how biogeochemical processes and benthic fluxes
depend on the intensity of advective transport. Furthermore,
if knowledge of the in situ bottom flow velocities and sed-
iment surface topographies alows an estimation of typical
in situ pressure gradients, the stirrer setting can be adjusted
so that the pressure gradient inside the chamber and, hence,
the exchange rate closely matches environmental conditions.
Despite this range of potential applications, we are not aware
of any in situ chamber studies of benthic fluxesin permeable
sediments that have been performed at defined conditions of
advective pore-water exchange. Marinelli et al. (1998) and
Jahnke et al. (2000) used chambers with circulation pumps
to investigate oxygen and nutrient fluxes and benthic pri-
mary production in South Atlantic Bight sediments but gave
no details on chamber hydrodynamics and pressure distri-
butions.

In this contribution we introduce the chamber system
Sandy that performs autonomous chamber incubationsin situ
with control of advective pore-water transport. It is based on
a cylindrical chamber with a centrally mounted, horizontal
stirrer disc. Similarly designed laboratory chambers and

manually deployed field-going chambers have been used for
studies on advective solute transport (Huettel and Gust
1992b; Glud et al. 1996), transport and decomposition of
particulate organic matter (Huettel and Rusch 2000; Rasheed
et a. 2003; Wild et al. 2004), and nutrient recycling (Ehren-
hauss et a. 2004). The simple radial symmetry of the cham-
bers has severa advantages. the water circulation and the
pressure distribution within the chambers as well as the as-
sociated pore-water flow field are relatively simple and pre-
dictable (Basu and Khalili 1999). The existing pore-water
flow trajectories, their depth penetration, and their velocity
distribution display strong similarities to those in pore-water
flow fields that develop along ripples or mounds that are
exposed to bottom flow (Huettel and Rusch 2000). Since the
genera pressure distribution pattern that is induced by cen-
trally positioned horizontal stirrers is maintained indepen-
dent of stirrer speed and pressure gradient magnitude (Teng-
berg et al. in press), the same is true for the pattern of this
‘““quasi natural’” pore-water circulation.

The novel chamber system Sandy is described and char-
acterized with special emphasis on conditions of interfacial
solute and pore-water exchange within the chamber. The hy-
drodynamic properties of the chamber are investigated at
different stirrer settings with respect to pressure distribution
and DBL thickness. Rates of pore-water exchange that were
measured at different stirrer settings in situ are presented to
demonstrate the ability of the system to study advection-
related processes in the natural environment. Additionally,
the performance of the fiberoptic oxygen sensors (*‘op-
todes”) employed is assessed, and the novel chamber drive
that alows the penetration of consolidated sands is de-
scribed. Oxygen and nutrient flux data that were obtained
with the Sandy system in natural sands of different perme-
abilities are presented in part 11 of this study (Janssen et al.
2005).

Material and methods

System description—Chamber technique: The Sandy sys-
tem is based on a compact, self-contained chamber module
(Fig. 14). Two of these modules are attached to a stainless
steel tripod that is further equipped with four syringe water
samplers (Fig. 1b). Details on the tripod and the syringe
water samplers can be found in Witte and Pfannkuche
(2000). At the moment the frame arrives at the seafl oor, the
chamber is situated approximately 220 mm above the sedi-
ment surface (Fig. 2a). The cylindrical stainless steel cham-
ber (200 mm diameter, 2 mm wall thickness) is closed from
below with a piston that later serves as the chamber lid and
holds the stirrer disc. An external collar surrounds the cham-
ber at the same vertical level. As the drive motor starts turn-
ing the threaded rod, the chamber, the collar, and the lid
slowly approach the sediment. Once the lid reaches its ul-
timate distance to the sediment (typically 120 mm), the
chamber and the chamber drive are released (al gray parts
in Fig. 1a). Driven by its weight, the chamber slides down
(Fig. 2b) and penetrates the upper sediment layer within ap-
proximately 1 s. Asthe lid keeps its distance to the sediment,
the enclosure takes place without displacing the overlying
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Fig. 1. (&) Details of the Sandy chamber module. All gray parts move up and down with the chamber drive. Parts of the chamber wall
and the collar are removed to show the piston/lid and the stirrer. The chamber has an inner diameter of 200 mm. The stirrer disc (156 mm
diameter X 4 mm) is mounted 20 mm below the lid. The parts consist either of stainless steel (chamber, rods, nuts, pressure housing,
frame) or of plastic (mainly Homopolymer Acetal [POM] and Polycarbonate: lid, stirrer disc, guides, mountings). (b) The entire chamber
system containing two Sandy modules and four syringe water samplers (to the left of the chamber modules).

Fig. 2. (a—d) Schematic of a chamber deployment. In panels b—
d the front part of the chamber wall is removed to show the position
of the lid. Refer to the text for details.

water (Fig. 2c). While the motor continues to turn the thread-
ed rod, the chamber is slowly forced further down until it
arrives at its final depth (with the lower rim typically 150
mm below the surface; Fig. 2d). The penetration of the sed-
iment is facilitated by the eccentric that moves the upper
part of the chamber along a small circular path resulting in
a dlight rotating tilting of the chamber of about 1° in all
directions. After the incubation, the drive motor turns in the
opposite direction pulling the chamber out of the sediment.
The initial chamber to sediment distance, the chamber intru-
sion depth, and the lid to sediment distance can all be ad-
justed.

The stirrer disc is coupled to the stirrer motor through a
magnetic clutch. The speed of the stirrer disc is permanently
monitored by means of a photoelectric sensor and adjusted
according to the selected stirring rate by a central electronic
unit that controls the entire system, performs optode mea-
surements, and logs the data. To minimize flow obstructions
within the chamber, sampling ports and sensors are inserted
into awater circuit (gastight Viton® tubing, 30 ml total vol-
ume) with inflow and outflow located next to the stirrer disc
(Fig. 3). The circuit is permanently flushed with chamber
water at 20 ml min—* by means of a peristaltic pump (Mas-
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Fig. 3. Schematic of the chamber water circuit (not to scale)
including flow cells with ports for the connection of three optodes
and two syringe water samplers.

terflex® standard pump head). Since the sampling ports are
positioned close to the syringe samplers, sampling tubes of
500 mm length (tube dead volume 2.6 ml or ~5% of syringe
volume) are sufficient to connect the syringes to the water
circuit.

Optode setup: The fiberoptic optode setup consists of a
light-emitting diode (LED) (20 KHz intensity modul ated) for
excitation of the oxygen sensitive ruthenium fluorophore at
the tip of the optode (multimode 100/140 um), a wavelength
division fiber coupler, and a photomultiplier tube (PMT)
(Klimant et a. 1995; Glud et al. 1999). The measurements
are based on the luminescence lifetime of the fluorophore,
which changes as a function of the ambient oxygen concen-
tration. The lifetime is detected as a phase angle shift be-
tween the oscillation of the excitation light and the lumi-
nescence of the fluorophore as described by Holst et al.
(1997). The actual phase angle readings (0 to 2 77) are stored
once every second at 14-bit resolution. A custom-built fi-
beroptic rotary switch switches between six optodes (three
replicate optodes per chamber). Fluorescent paint of negli-
gible lifetime at an additional position of the switch serves
as an internal reference to correct for phase angle changes
due to warm-up of the LED and the PMT.

Hydrodynamic properties of the chamber—In order to
characterize radia pressure distributions and hydrodynamics
in the Sandy chamber, we performed laboratory measure-
ments in acrylic chambers of exactly the same size and ge-
ometry. Special emphasis was put on two particular stirrer
settings: stirring continuously at 40 rpm (subsequently re-

ferred to as “‘advective’ stirrer setting) and intermittently at
20 rpm (15 s clockwise, 15 s pause, 15 s counterclockwise,
15 spause. . .; ‘‘nonadvective’ stirrer setting). The chambers
were filled with deionized water of room temperature (18°C),
and, unless otherwise stated, measurements were performed
at 100 mm distance between the lower surface of the stirrer
disc and the bottom (120 mm overlying water height).

Radial pressure gradient: The radial pressure gradient was
determined for a range of stirring rates (including the ad-
vective and nonadvective stirrer setting) and at different stir-
rer to bottom distances. The chambers were closed from be-
low by a plastic bottom, covered by a 250-um nylon mesh
to mimic aroughness comparable to that of sandy sediments.
A wet/wet differential pressure transducer (Effa GA 63) was
used for sequential pressure measurements between a pres-
sure port drilled through the center of the bottom and six
ports aligned along the radius of the bottom as described by
Huettel and Gust (1992b) and Glud et al. (1996).

Chamber water mixing: The dispersal of a cloud of fluo-
rescent dye of virtually neutral buoyancy (50 mg L~ aque-
ous sodium fluorescein solution; color index 45350) was
monitored at the nonadvective stirrer setting, which repre-
sented the lowest investigated mixing intensity. Five bare
optic fibers (multimode, 140 um outer diameter) with un-
coated tips were introduced from below through three ports
in the gauze-covered plastic bottom (see Fig. 6 for exact tip
positions). The fibers were connected to a fluorometer, which
is an intensity-based version of the optode device described
above. For the range of concentrations used, the fluorescence
scaled linearly with dye concentration. After starting the stir-
rer, 40 ml of the fluorescent dye was added to the chamber
water circuit, which was similar to that of the Sandy system,
and the dye concentration at the fiber tips was monitored for
1h.

DBL thickness: The average DBL thickness (2) was as-
sessed using the aabaster dissolution method (Santschi et al.
1991). The bottom of six chambers was covered by a uni-
form layer of aabaster (CaSO, X 2H,0) (three replicate
chambers for the *‘advective” and ‘‘nonadvective” stirrer
setting). After filling the chambers with deionized water, the
stirrers were run for 1 d at the respective modes. During the
time course of the incubation, 13 samples (3 ml) per cham-
ber were taken from the chamber water circuit. An additional
sample was taken from one of the chambers after stirring
another 30 d at 40 rpm to determine the sulfate concentration
at saturation. Sulfate concentrations were measured with an
ion chromatograph (Waters |C-Pak® Anion column and
model 430 conductivity detector). The DBL thickness was
then determined by fitting the sulfate concentration time se-
ries with an exponential equation that describes the CaSO,
accumulation in an enclosed water volume in relation to the
boundary layer thickness (Buchholtz-Ten Brink et al. 1989).
The effective molecular diffusivity of SOz~ at 18°C was tak-
en from Li and Gregory (1974) and corrected for cross-cou-
pled diffusion as described in Santschi et al. (1991).



772 Janssen et al.

Stirrer angular velocity (deg s'])

0 90 180 270
) . ) :
3.0 b
]l a o A b

2.5 [ advective stirrer setting e
<
& 1 : Lo .
< 2.0 - Q non-advective stirrer setting 4
§ J
2 1.5 1
£ ]
= 1.0 : 1
8 0.5 -
& 1 ]
S
5 00 §

0.5 T T T T T T T T T T T

-100 -50 0 50 100 0 10 20 30 40
Distance to chamber center (mm) Stirrer speed (rpm)
Fig. 4. (a) Radial pressure distribution at the chamber bottom at stirring rates of 40 rpm (con-

tinuously; squares), and 20 rpm (intermittent; diamonds). Pressures were measured relative to the
center port at six ports along the chamber radius (r = 16 to 96 mm, 16 mm spacing) and mirrored
to the opposite side (—16 to —96 mm). The whiskers show standard deviations of three measure-
ments. The line represents a fourth order polynomial fit. (b) The relation between the overal dif-
ferential pressure (center port to most distant port) and stirrer speed (up to 80 rpm; 80 rpm data
point not shown). The curve represents a power function (refer to text for details).

Optode performance—The oxygen concentration within a
bottle of freshwater was kept at 100% air saturation by bub-
bling with air. A peristaltic pump circulated the water be-
tween the bottle and two flow cells each containing three of
the optodes used for Sandy (Fig. 3). The bottle as well as
the flow cells were placed in a temperature controlled water
bath at 18.2°C. In order to determine the number of consec-
utive readings that are needed to reach a certain measure-
ment precision, a series of optode readings were conducted
with the Sandy electronics (4 min for each sensor at 1 Hz).
The drift of the optode measurements was inferred from a
24-h measurement series of al six optodes by means of lin-
ear regressions. Calibration of the optodes was performed by
fitting a modified Stern-Volmer equation (Holst et al. 1997)
to luminescence lifetimes measured at eight different oxygen
concentrations that were obtained by bubbling the bottle
with mixtures of air and nitrogen prepared with a gas mixer.

Results

Hydrodynamic properties of the chamber—Pressure gra-
dient: The rotation of the stirrer disc resulted in a radial
pressure gradient with pressures rising from the center to the
outer rim of the chamber bottom. The upper curve in the
left graph of Fig. 4 shows the pressure gradient at the ad-
vective stirrer setting (i.e., at 40 rpm) and 100 mm distance
between the lower surface of the stirrer disc and the chamber
bottom (d). The overal differential pressure (Ap) between
the center and the outer rim of the chamber increased with
stirrer speed (right graph). For the stirring rates investigated
(10 to 80 rpm), the relationship could be approximated by a
power function of the form Ap (w) = 9.33 X 10°¢ @22 (r?
= 0.99) where w is the angular velocity in degrees per sec-
ond.

The pressure gradient was also affected by changesin the
disc to bottom distance (Fig. 5). While the general shape
was maintained (left graph) the overall differential pressure

decreased steadily with increasing distance (right graph).
The relation was found to be well represented by the recip-
rocal power function Ap (d) = (8.12 X 104 d*** + 0.15)*
(r2 = 0.99) where d is the distance in millimeters.

The lower curve in the left graph of Fig. 4 shows the
radial pressure distribution at the nonadvective setting (d =
100 mm). The overall differential pressure at this stirrer set-
ting was less than 1% of the differential pressure obtained
at 40 rpm. This proportion slightly increased with decreasing
disc to bottom distance up to a value of 2.5% at the smallest
investigated distance of d = 25 mm.

Mixing: Figure 6 shows the fluorescein concentrations at
the respective fiber tips while stirring at the nonadvective
stirrer setting. A constant reading at all five tips (i.e., a ho-
mogenous dye distribution) was reached within a few min-
utes after the dye injection was completed.

DBL properties: The fitted exponential equations proved
to be good approximations of the measured sulfate concen-
tration time series (r2 > 0.97 in al cases). The corresponding
DBL thicknesses (average = SD) were z = 211 *= 4 and
617 = 24 um at the advective and nonadvective stirrer set-
ting, respectively. From these DBL thicknesses the shear ve-
locity u, (cm s ) was calculated according to the empirical
relationship of Tengberg et al. (2004), which was determined
from alabaster dissolution rates and skin friction measure-
ments in stirred chambers:

z = 76.18u,0%

This resulted in average shear velocities of 0.34 and 0.11
cm s1, respectively, at the advective and nonadvective stir-
rer setting.

Optode performance—Precision: Single oxygen measure-
ments as calculated from individua phase angle readings
deviated by up to 3.3% air saturation or 10 umol L=t from
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(a) Radial pressure distribution at the chamber bottom at stirrer to bottom distances of

d = 50 mm (diamonds), 100 mm (squares), and 200 mm (triangles) at a stirring rate of 40 rpm
(refer to legend of Fig. 4 for details on the arrangement of the pressure ports). The whiskers show
standard deviations of three measurements. The line represents a fourth order polynomial fit. (b)
The relation between the overall differential pressure (center port to most distant port) and stirrer
to bottom distance. The curve represents a reciprocal power function (refer to text for details).

the true oxygen concentration in the aerated bottle (100% or
295.2 umol L-%). However, calculating averages of 14 suc-
cessive readings reduced the maximum deviation of al sen-
sors below 1% air saturation.

Drift: During an initial “‘warm-up’’ period of approx. 6 h,
the drift differed considerably between sensors, with a max-
imum rate of —1.4 umol L-* h=* for the least stable sensor
(determined by linear regression to the first 4 h of measure-
ments). Later on, the rates were both stable and consistent
between sensors with an average of 0.21 = 0.07 wmol L-*
h-t (20-24 h, average of al sensors = SD). In a Sandy
chamber deployment, this drift would result in an underes-
timate of the actual sediment oxygen uptake of 0.61 mmol
m-2 d-* (120 mm overlying water height at 100 mm stirrer
to bottom distance).

Discussion

In order to obtain realistic flux estimates, it is generally
preferable to perform measurements in situ, since physical
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Fig. 6. Fluorescein concentrations (1 min averages) at five dif-
ferent locations within the chamber water relative to the maximum
values that were reached after 60 min. The positions of the fiber
tips in horizontal (r) and vertical (h) direction are given relative to
the center of the bottom (r = 0 mm, h = 0 mm). The vertical lines
mark the period of time where the fluorescein injection took place.

and biogeochemical sediment properties are altered during
sampling and subsequent ageing. This is particularly true
with respect to sands because sediment stratification and
pore waters are easily lost upon sampling due to the low
cohesiveness of the sediment and because sediment biogeo-
chemistry is closely coupled to bottom water hydrodynam-
ics. Current-induced pressure gradients and pore-water ad-
vection determine biogeochemical conditions including
solute distribution, redox potential, and oxygenation (Ziebis
et a. 1996; Huettel et al. 1998; Precht et al. 2004). When
sandy sediments are removed from the natural environment,
advective solute transport ceases and biogeochemical prop-
erties change with time. For example, deep advective oxy-
genation of freshly retrieved sand cores from the North Sea
vanished completely within 1 h (Lohse et a. 1996). In situ
incubations avoid sampling artifacts and minimize the delay
between enclosure and incubation.

Chamber technique—In situ deployments of autonomous
benthic chambers today are performed almost routinely
down to abyssal depths, and several approaches are available
to push the chambers into the sediments (Tengberg et al.
1995). These can be classified as either slowly (damped or
motor-driven) or quickly penetrating. In order to develop an
approach that suited the specific requirements of deploy-
ments on sands in shallow high-energy environments, we
carried out extensive test deployments of hand-held cham-
bers in a sandy creek at current velocities of up to 50 cm
s 1. Direct and video observations revealed that flow accel-
eration beneath the chamber led to erosion of the sediment
surface if the chamber was placed onto the sediment too
slowly and that the sediment surrounding the chamber was
washed away within tens of minutes after the chamber pen-
etrated the sediment. A combination of a fast, undamped
enclosure of the sediment surface followed by a slow and
powerful penetration proved to work best in order to avoid
erosion of the sediment surface and to facilitate intrusion to
a depth that prevents chamber washout. The tests further
showed that flow acceleration beneath the chamber and ero-
sion of the sediment surface prior to enclosure can be re-
duced if the lower end of the chamber is closed by a bottom
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(changing the chamber into a **solid” cylinder instead of an
open tube) and equipped with an externa collar as a flow
deflector (Fig. 2a). After the chamber is pushed into the sed-
iment, the same collar, now being flush with the surrounding
sediment (Fig. 2d), greatly reduces the washout. These find-
ings were incorporated into the design of the Sandy chamber
module. A key feature of the construction is the piston-like
lid that initially keeps the chamber closed from below to
reduce flow acceleration and sediment erosion but maintains
its position while the chamber slides down to allow a rapid
enclosure of the sediment without displacement of the over-
lying water. The power needed to accomplish deep penetra-
tion of the sediment is greatly reduced by the dightly ec-
centric movement of the chamber and by the small wall
thickness that was possible due to the use of stainless steel
as chamber material. A potential overestimate of oxygen
fluxes due to an oxygen reduction possibly taking place at
the surface of stainless steel chambers (Cramer 1989), was
considered to be of minor importance since the main focus
of the present version of the instrument was to quantify rel-
ative differences in fluxes in response to rates of advection.
The effect could be ruled out by coating the inner surface
with an insulating compound like polytetrafluorethylen
(PTFE). In summary, the chamber system Sandy is able to
enclose sandy sediments with minimal disturbance of the
surface layer and allows flux measurements to be conducted
at sandy sites even under harsh conditions that hamper the
employment of divers.

Chamber hydrodynamics and conditions of interfacial sol-
ute exchange—Once the sediment is enclosed, the hydro-
dynamic conditions within the chamber water replace the
former natural conditions. Knowledge of the stirrer-induced
hydrodynamics isimportant in order to evaluate the potential
impact on the measured solute fluxes.

Pressure gradients and advective pore-water exchange:
The shape of the pressure gradient corresponds to gradients
of similar chambers (Huettel and Gust 1992b; Glud et al.
1996). Huettel and Rusch (2000) emphasized the similarity
between the pressure distribution that is induced by rotating
stirrer discs along the chamber radius of cylindrical cham-
bers and the pressure distribution along topographical fea-
tures that are exposed to bottom flow. The radial pressure
gradient in the cylindrical chamber generates a pore-water
flow field that is characterized by velocity gradients, pene-
tration depths, and a central cone-shaped area of funneled
pore-water upwelling and release that closely resembles a
cross section of the pore-water flow pattern observed under
natural current-exposed ripples or mounds (Huettel and
Rusch 2000). The shape of the pressure gradient in the Sandy
chamber was maintained throughout the range of applied
stirring rates and hence is independent of the magnitude of
the overall differentia pressure. The differentia pressure
was a direct function of the rotational speed of the stirrer
disc and of its distance to the sediment. Thus, by selecting
the appropriate stirring rate, pressure gradients can be estab-
lished in the chambers corresponding to natural gradients
over a wide range of settings. To our knowledge, the Sandy
system is the only available instrument to date that permits

autonomous incubations under well-defined and adjustable
pressure gradients in situ, thus mimicking natural pore-water
advection phenomena of various intensities.

The differential pressures that were measured along the
impermeable plastic chamber bottom represent maximum
values. In the presence of pore-water advection, differential
pressures would be relieved to an extent that scales with the
sediment permeability. Stirrer-induced pore-water exchange
rates at equal stirrer settings, therefore, are not expected to
scale linearly with sediment permeability. This agrees with
results obtained by Glud et al. (1996), who reported a log-
arithmic relationship between pore-water exchange and per-
meabilities in stirred chambers. Natural pressure gradients,
developing at given conditions of flow and topography,
would be likewise affected by the actual permeability. In-
cubations at identical stirrer settings on sediments of differ-
ent permeabilities thus mimic the effect of specific pressure-
generating flow and topography conditions rather than that
of a specific pressure gradient. If flux measurements at ex-
actly the same pressure gradients are required in different
sediments, the stirrer setting can be adjusted for the respec-
tive permeabilities.

Solute exchange in the presence and absence of advection:
The advective and nonadvective stirrer settings were inves-
tigated in more detail. A comparison of fluxes obtained at
both settings at the same site in replicate chambers or se-
quentially within the same chamber allows an investigation
of the significance of advective transport as compared with
diffusion and bioirrigation. The pressure gradient at the ad-
vective setting represents moderate conditions of advective
pore-water exchange. The overal differential pressure at that
setting (2.9 Pa between the center and the outer rim of the
chamber bottom at d = 100 mm) equals what has been mea-
sured at 10 mm high mounds that were exposed to unidi-
rectional bottom flow at velocities of approximately 20 cm
st a 10 cm above the bed (Huettel et al. 1996). At the
nonadvective setting with an insignificant radial pressure
gradient, by contrast, exchange is restricted to diffusion and
bioirrigation.

Changing the stirrer setting affects not only the pressure
gradient and rates of advective pore-water exchange but also
the flow and turbulence properties above the sediment sur-
face. To ensure that differences in benthic fluxes, which are
observed between the nonadvective and the advective stirrer
setting, are solely attributable to advection, it is necessary
to exclude the possibility that the respective solute fluxes or
their determination are altered by other processes. The fast
dye cloud dispersal confirmed that the nonadvective stirrer
setting was efficient in preventing stagnation of the chamber
water. This means that even at this gentle stirring mode,
changes in solute concentration due to interfacial solute ex-
change extend to the sampling ports and sensors.

A potential artifact that could bias fluxes at the advective
stirrer setting, and that has to be ruled out, is sediment re-
suspension. Resuspension results in pore-water release from
the eroded sediment layer and exposure of formerly covered
sediment layers to the overlying water. Oxygen uptake rates
in laboratory chambers were found to increase severafold
once the upper sediment layer became resuspended (Glud et
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al. 1995). A significant resuspension effect was also de-
scribed with respect to fluxes of dissolved inorganic carbon,
nutrients, dissolved organic carbon, and heavy metals on ac-
count of pore-water release and of adsorption/desorption
processes (see Tengberg et al. (2003a), and references there-
in). In test runs of the acrylic chambers at 40 rpm, we ob-
served no indication of sediment movement (i.e., saltation
of sediment grains or sediment accumulation in the chamber
center where resuspended particles tend to accumulate),
which confirmed that the shear velocity was subcritical for
the sediment used (washed and sieved well-sorted fine sili-
cate sand, 220 um median grain size). Because sands of this
grain size are particularly sensitive to erosion (e.g., Hjul-
strom’s curve in Sundborg 1956), resuspension is not ex-
pected to occur at the advective stirrer setting in sands of
any grain size. This is in agreement with the average shear
velocity as calculated from the alabaster dissolution experi-
ments at the same setting (0.34 cm s%). According to the
“threshold conditions for granular material” (Julien 1995),
2-3 times higher shear velocities are needed to erode fine
sand particles.

Diffusive fluxes across the DBL: DBL thicknesses as de-
termined at the advective and nonadvective stirrer setting are
both within the range of values that have been reported from
shallow-water environments (Glud et al. 1996; Jargensen
2001) but differed by amost a factor of three. Several au-
thors stressed that chamber-derived diffusive fluxes may be
affected by the thickness of the DBL at the surface of the
enclosed sediment (e.g., Hall et a. 1989). However, if the
chambers, instead of being closed by an impermeable ala
baster layer, were deployed on permeable sands (i.e., the
sediments the system is intended for) at a stirrer speed of 40
rpm, a DBL would most likely be absent. Oxygen profiling
in permeable sands that were exposed to bottom flow indi-
cated the absence of a DBL at the sediment surface even in
the absence of surface topography (Forster et a. 1996; Zie-
bis et a. 1996; Guess 1998). This was attributed to flow
across the interface due to advection along minute roughness
elements and bottom shear-induced dispersion within the up-
permost sediment layer. Diffusive exchange across the sed-
iment surface of sands at the advective stirrer setting is thus
most likely not limited by a DBL. Thisis not an artifact but
a natural characteristic of sandy environments that are af-
fected by advection. At the nonadvective setting, on the oth-
er hand, a DBL will develop since advection will be absent
and dispersion is limited at reduced flow and turbulence con-
ditions. Since the DBL at this setting had a realistic thickness
(i.e., 617 pum), an influence on interfacial solute fluxes does
not represent an artificial constraint but corresponds to con-
ditions in diffusion-dominated environments. Biogenic sol-
ute transport by irrigating activity of the enclosed fauna
would add to the respective exchange rates at both stirrer
settings.

A DBL effect on the fluxes that would be erroneously
attributed to advection might be expected if investigations
take place in fine sands of low permeability. In the following
the potential effect of the DBL will be discussed with respect
to oxygen fluxes as a key parameter of benthic activity. An
increase in DBL thickness (2) results in a reduction in the

oxygen concentration at the sediment—-water interface (C,,),
in oxygen penetration depth, and, hence, in diffusive oxygen
flux (J). Assuming that steady state conditions are valid and
that sediment diffusivity (Ds) as well as rates of oxygen
removal from the pore water (R) are constant throughout the
sediment depth, the expected difference in oxygen flux at
both stirrer settings may be quantified according to Rasmus-
sen and Jargensen (1992). Rearranging their egs. (2) and (5)
alows the flux to be related to the DBL thickness:

J = —ZRDJD + (2R:DZD? + 2C,RD.)"?

with D being the diffusion coefficient in seawater. If diffu-
sive oxygen fluxes of 10, 20, and 30 mmol m-2 d-* took
place at 40 rpm (average DBL 211 um), changing to the
nonadvective stirrer setting (average DBL 617 um) is ex-
pected to reduce fluxes by 0.54, 2.1, and 4.8 mmol m=2 d-*
or 5.4%, 10.7%, and 15.9% (T = 15°C, S= 35, C,, = 100%
air saturation). The DBL effect, thus, is expected to be high-
est in sediments of high metabolic activity, whichisin agree-
ment to reported experimental results (e.g., Jargensen and
Des Marais 1990). The typical oxygen demand of shelf sed-
iments is generaly in the lower portion of this range. Based
on a compilation of carbon oxidation rates in shelf sedi-
ments, Canfield and Teske (1996) give a median oxygen flux
of 13.7 mmol m~2 d-*. The diffusive oxygen flux is expected
to represent only a fraction of this oxygen demand, since
solute exchange by the activity of benthic organismsis con-
sidered to significantly contribute to oxygen uptake in shelf
sediments (Jahnke 2001). Hence, even in incubations on sed-
iments of low permeability it is unlikely that a DBL effect
introduces a significant artifact to the oxygen fluxes. Thisis
in agreement with the results of Tengberg et a. (2004) and
Tengberg et a. (in press), who incubated cohesive sediments
in different chambers with average DBL thicknesses be-
tween 120 and 711 um and found that differences in fluxes
of oxygen and nutrients were small and not attributable to
the respective thicknesses of the DBL.

Enclosed sediment topography: Another aspect to consid-
er is the effect that natural topographical features at the en-
closed sediment surface (e.g., ripples or mounds) will have
on the exchange rates. The rotational flow could induce lo-
calized pressure fields and advection around the roughness
elements that could possibly add to the pore-water exchange
that is induced by the radial pressure gradient. However, an
investigation of exchange across sculptured sand surfaces (a
sloping surface and a crest and trough with a triangular cross
section; al surfaces inclined by 17°) indicated the opposite
effect. The concentration decrease of sodium fluorescein
tracer dye that was added to the chamber water revealed that
the scul ptured surfaces generally reduced the interfacial flux-
es. Reduction as compared with a smooth and horizontal
surface (average of two replicate runs for each surface) was
31.2% (inclined surface), 27.6% (crest), and 10.0% (trough).
While investigations of further topographies are certainly ad-
visable, these results indicate that the enclosure of existing
topographies reduces the pore-water exchange that makes
chamber-derived estimates of the effect of advection on ben-
thic fluxes conservative. A likely explanation for the ob-
served effect is that the roughness elements disturb the reg-
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(a) In situ time series of fluorescein concentrations in the chamber water. 42 ml of a sodium fluorescein solution (100 and 1,000

mg L%, respectively, adjusted to bottom water density with sodium chloride) were injected into the chamber water att = O and t = 178
min (first dotted line). The second dotted line marks the time of the change in stirrer setting (t = 204 min). Concentrations are expressed
as absolute values (triangles and circles) and normalized to the maximum concentration at the beginning of the respective parts (squares
and diamonds). The data represent averages of two fluorometer channels. (b) Direct comparison of the normalized fluorescein concentrations
of the same incubation during the first 120 min at the advective (diamonds) and the nonadvective stirrer setting (squares). The error bars
represent the range of the concentrations as measured by the two channels.

ular flow pattern, which, in turn, reduces the centrifugal
forces in the rotating water column and, hence, the differ-
ential pressures and exchange rates.

In situ validation: The potential of the Sandy system to
study the impact of advection on solute fluxes of natural
sandy sediments was confirmed by rates of pore-water ex-
change that were measured at the nonadvective and advec-
tive stirrer setting in situ (Fig. 7). Deployments took place
on a 16 m deep coarse sand station with a permeability of
7.46 X 10~ m? off the Island of Spiekeroog (German Bight,
North Sea; for details on the station see Janssen et al. 2005).
As described above, a neutrally buoyant sodium fluorescein
tracer solution was added to the chamber water to quantify
interfacial solute exchange. The same fiber optic fluorometer
as in the dye cloud dispersion experiment monitored the de-
crease in sodium fluorescein concentration in the overlying
water over time. The respective slopes show that dye flux to
the sediment was smaller at the nonadvective compared with
the advective stirrer setting, where pore-water advection re-
sulted in an additional transport of dye across the sediment—
water interface. In the advective as well as in the nonadvec-
tive phase of the incubation, the tracer decreased fairly lin-
early with time. This indicates that (1) tracer diffusion at the
nonadvective stirrer setting was not substantially hampered
by tracer accumulation in the upper sediment layer and that
(2) no substantial tracer recirculation took place while stir-
ring at the advective setting. Any strong bias introduced to
the rates of tracer decrease in the advective (i.e., the second)
phase of the incubation by an outflow of previously stained
pore water was ruled out by the application of a tenfold
higher tracer concentration before switching the stirring
mode. The rates of decrease in tracer concentration at the
respective settings can thus be used to calculate the rates of
interfacial solute exchange in the presence and absence of
advection. The net rate of advective transport (i.e., the dif-
ference in rates between both settings) was 91.4 = 115 L
m-2 d-* (average of the three incubations = SD). This agrees
with pore-water exchange rates measured with similar cham-
bers in laboratory incubations (Glud et al. 1996). Exposing
macrofauna-free sand of asimilar permeability (5.69 X 101

m?) to afivefold lower overall differential pressure (0.52 Pa)
than that of our advective stirrer setting resulted in a 5.4
times lower advective pore-water exchange (approximately
17 L m2d-% Glud pers. comm.).

Optode performance—The oxygen uptake by marine sed-
iments has been extensively studied and is a commonly used
measure of the benthic activity and the total organic matter
mineralization in sediments because it represents both aer-
obic organic matter degradation and anaerobic decay through
the oxygen demand for the reoxidation of reduced electron
acceptors (Thamdrup and Canfield 2000). Since their intro-
duction to aguatic sciences (Klimant et al. 1995), intensity-
based optodes have been used to record oxygen concentra-
tions in benthic chambers (e.g., Glud et al. 1999). A major
step forward was the introduction of lifetime-based systems
that are less sensitive to fluctuations in light source and in
signal intensity (e.g., due to unstable excitation light sources,
fiber bending, or changes of the optic properties of the sam-
ple) (Holst et al. 1997). Recent deep-sea deployments of a
self-contained, lifetime-based optode device similar to the
one that is part of the Sandy system (Witte et al. 2003) con-
firmed the general suitability for autonomous chamber de-
ployments. Since the main motivation for the Sandy devel-
opment was an investigation of the oxygen demand of sandy
sediments and its response to changing rates of advective
pore-water exchange, we tested the system under controlled
laboratory conditions to confirm that measurements are suf-
ficiently precise and temporally stable. Averaging 14 repli-
cate phase angle readings proved to reduce the maximum
variation between oxygen measurements below 1% air sat-
uration. This precision is within the same range obtained by
Winkler titration (i.e., the usual method applied to chamber
water samples). Moreover, the three replicate sensor mea-
surements per chamber add further reliability. The main ad-
vantage of the sensors in comparison with discrete water
samples, however, is the opportunity to monitor the oxygen
decrease almost continuously to detect differences in uptake
rates in response to rates of advection. A complete cycle of
14 readings of all six optodes including the time needed for
switching between optodes takes about 2.5 min, which pro-
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vides adequate temporal resolution for chamber deployments
that usually last for several hours. The phase angle drift was
relatively small and, after the initial warm-up period, linear
and similar for al sensors. The bias that would be introduced
to absolute fluxes by the long-term drift of the optodes (i.e.,
an underestimate of the oxygen uptake by 0.61 mmol m-2
d=) is below 5% of the above mentioned typical oxygen
demand of 13.7 mmol m~-2 d-* for shelf sediments (Canfield
and Teske 1996). Owing to the fact that the drift was linear,
it does not affect relative changes in rates since they might
be induced when changing advective settings (e.g., switching
between advective and nonadvective stirrer settings). Since
the detection of such advection-induced changes in uptake
rates is the main purpose of the optodes, the drift problem
can be solved by switching on the electronics some hours
prior to the deployment, so that drift is stable and linear
during the incubation. A promising perspective for future
work is the introduction of recently developed macrosize
optodes that are reported to display excellent long-term sta-
bility (Tengberg et al. 2003b).

With the novel Sandy system, an instrument is now avail-
able that permits in situ studies on the effects of pore-water
advection on interfacial fluxes in permeable sediments. The
chamber drive minimizes sediment disturbance and chamber
washout by combining an undamped enclosure with a deep
penetration, thereby facilitating the incubation of sediments
in their natural state. Because pressure gradients can be ad-
justed, it is possible to determine solute fluxes of natural
sediments under well-defined conditions of pore-water ad-
vection or to quantify changes in these fluxes in response to
changes in advective exchange rates. This was demonstrated
in situ by a comparison of pore-water exchange rates under
an “‘advective’” and ‘‘nonadvective’’ stirrer setting. Detailed
studies of the effect of advection on oxygen uptake as a
measure of benthic activity and organic matter mineraliza-
tion are facilitated by recordings of the oxygen concentration
in the overlying water at high temporal resolution via life-
time-based fiberoptic optodes. Scientific questions related to
transport and reactions in permeable sediments now can be
addressed with the Sandy system. An example is the appli-
cation of a sequence of different stirrer settings in order to
investigate the effect of permanently changing pressure gra-
dients encountered when tidal currents interact with a given
sediment topography. The addition of dissolved or of partic-
ulate organic substrates to the chamber water permits the
investigation of the reaction of sands to organic matter puls-
es. Adding contaminants would help to assess the impor-
tance of sands as hiofilters and their sensitivity to anthro-
pogenic impacts. Part |1 of this study focuses on the potential
of advection to promote oxygen uptake ratesin natural sandy
sediments. Results from a fine-, medium-, and coarse-
grained sandy site are compared in order to assess the role
of advection in sediments of different permeability (Janssen
et a. 2005).
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