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Abstract

A method is presented for the measurement of depth profiles of volumetric oxygen consumption rates in per-
meable sediments with high spatial resolution. When combined with in situ oxygen microprofiles measured by
microsensors, areal rates of aerobic respiration in sediments can be calculated. The method is useful for charac-
terizing sediments exposed to highly dynamic advective water exchange, such as intertidal sandy sediments. The
method is based on percolating the sediment in a sampling core with aerated water and monitoring oxygen in
the sediment using either an oxygen microelectrode or a planar oxygen optode. The oxygen consumption rates
are determined using three approaches: (1) as the initial rate of oxygen decrease measured at discrete points after
the percolation is stopped, (2) from oxygen microprofiles measured sequentially after the percolation is stopped,
and (3) as a derivative of steady-state oxygen microprofiles measured during a constant percolation of the sedi-
ment. The spatial resolution of a typical 3 to 4 cm profile within a measurement time of 1 to 2 h is better with
planar optodes (=0.3 mm) then with microelectrodes (2 to 5 mm), whereas the precision of oxygen consumption
rate measurements at individual points is similar (0.1 to 0.5 umol L' min) for both sensing methods. The
method is consistent with the established methods (interfacial gradients combined with Fick’s law of diffusion,
benthic-chambers), when tested on the same sediment sample under identical, diffusion-controlled conditions.

Aerobic respiration plays an important role in the degrada-
tion of carbon and is typically estimated to account for 25% to
50% of carbon mineralization in coastal sediments. Two estab-
lished methods have been used for the determination of areal
oxygen consumption rates (OCR) in sediments, namely the dif-
fusive oxygen uptake and the benthic-chamber total oxygen
uptake methods. The first method, which will be referred to as
the flux method, exploits the possibility provided by oxygen
microelectrodes to measure diffusive oxygen microprofiles
across the sediment-water interface (e.g., Revsbech et al. 1980;
Glud et al. 1994). Using Fick’s law of diffusion and a measured
oxygen microprofile, one can calculate an areal diffusive oxy-
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gen uptake rate. However, to obtain an estimation of the pos-
sible lateral heterogeneity of areal rates, it is necessary to mea-
sure multiple microprofiles, which can be time consuming and
requires constant conditions of the system during the mea-
surements. The second method uses a sealed benthic chamber
positioned at the surface of the sediment, enclosing a known
area of the sediment surface and a known volume of the bot-
tom water (e.g., Pamatmat 1971; Smith 1978; Glud et al. 1994).
The areal OCR is evaluated from the temporal decrease of oxy-
gen content in the overlying water in the chamber, which is
determined either continuously by, e.g., an oxygen electrode or
an oxygen microoptode present in the chamber (Glud et al.
1994; Tengberg et al. 1995; Glud et al. 1996) or by sampling the
water from the chamber and analyzing its oxygen content
using the Winkler titration technique.

A known problem associated with the flux method is that
the obtained areal OCR values can often underestimate the
true uptake rates by not including the bio-irrigation activity of
macrofauna living in the sediment (for citations, see Viollier et
al. 2003). This problem is overcome by the benthic-chamber
technique, where the measured decrease of oxygen reflects the
respiratory activity of all organisms living in the sediment,
including bio-irrigating macrofauna. However, the use of a
benthic chamber may significantly alter the hydrodynamic
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conditions to which the measured sediment is exposed. The
diffusive uptake of oxygen by the sediment depends consider-
ably on the thickness of the diffusive boundary layer, which
depends strongly on hydrodynamic conditions above the sed-
iment surface. The water inside the chamber is therefore
stirred so that the hydrodynamic conditions in the chamber
resemble the natural situation as closely as possible.

Advection can be a highly effective transport process across
the sediment-water interface (Huettel and Gust 1992; Huettel et
al. 1996; Precht and Huettel 2003; Precht et al. 2004), particu-
larly in permeable sediments, which are common in coastal
environments (Emery 1968; de Haas et al. 2002). Owing to tidal
pumping, waves, or the interaction of the water flow with the
surface topography (e.g., ripples), the sediments are flushed
with oxygen-rich water, thus significantly enhancing rates of
carbon mineralization due to aerobic respiration. In advection-
driven systems, the state of oxygenation of the sediment is
often very dynamic, making the flux method, based on the
measurement of steady-state diffusive microprofiles, unsuitable.
Efforts have been made to mimic advective water exchange
through the sediment-water interface inside benthic chambers.
Cylindrical benthic chambers with stirring-induced radial pres-
sure gradients, as a substitute for horizontal pressure gradients,
served as model systems (Glud et al. 1996). Chambers with flex-
ible walls were deployed to allow pressure variations driven by
waves to propagate into the chambers (Malan and McLachlan
1991). However, these modifications cannot always mimic the
highly dynamic conditions in the systems where advection is
the dominant process of oxygen transport, thus limiting the use
of benthic chambers under such circumstances.

Recently, an adaptation of eddy correlation to mass flow in
aquatic systems was reported (Berg et al. 2003). The method is
noninvasive and independent of the transfer mechanism of
solutes through the sediment-water interface, which makes it
suitable for the study of advective systems. Eddy correlation
measures area-integrated fluxes of solutes such as oxygen. The
footprint of the method is several square meters, which makes
it an attractive tool for the assessment of total solute
exchange. The measurement, however, cannot provide the
functional information nor the small-scale variability of the
processes governing the solute uptake.

The dynamics of oxygen supply in advection-driven sys-
tems can be assessed by in situ microprofiling using micro-
electrodes or planar optodes attached to autonomous profilers
(Glud et al. 1994, 19994, 2001; Wenzhofer and Glud 2002).
The variability of oxygen penetration can be determined with
high temporal (ranging from a couple of seconds with an
optode-based to 10 to 30 min with a microelectrode-based in
situ profiler) and spatial (in the sub-millimeter range) resolu-
tions. To estimate the rate of aerobic degradation of organic
matter in such sediments, a method is needed for the deter-
mination of a depth profile of volumetric OCR with a compa-
rably high spatial resolution. Once a depth profile of volu-
metric OCR is known, it can be integrated over the depth of
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oxygen penetration to obtain areal oxygen uptake rates of the
sediment. Such a method was recently introduced by de Beer
et al. (2005). It is based on percolating the sediment in a sam-
ple core with air-saturated water and observing the decrease of
oxygen in the sediment after the percolation is stopped.

In this article, four variations of the basic method intro-
duced by de Beer et al. (2005) are described in detail. The first
exploits alternating between the on and off periods of water
flow through a sediment column and monitoring with a
microelectrode the decrease of oxygen at distinct locations.
The second procedure employs oxygen microprofiles measured
repeatedly during a single flow-off period. In the third varia-
tion, planar oxygen optodes are used to monitor oxygen
dynamics in the sediment, allowing a time-efficient determi-
nation of a two-dimensional map of OCR with a sub-millimeter
spatial resolution. The fourth approach is based on the mea-
surement of steady-state O, microprofiles during steady perco-
lation of the sediment. Each of the method variations was tried
using cores of permeable sandy sediment and compared with
the flux and benthic-chamber methods under rigorously con-
trolled conditions. Furthermore, the applicability and limita-
tions of the method are critically assessed and discussed.

Materials and procedures

Materials—The method was applied to permeable sandy sed-
iments collected from an intertidal sandflat in the Wadden Sea
(Janssand, near Neuharlingersiel, Germany). The sediment was
collected from areas where flushing with oxygen-rich water was,
caused by waves and tidal pumping, intense and dynamic (the
field data obtained by an autonomous microsensor profiler will be
published elsewhere). The porosity of the sediment was ¢ = 0.45,
and the measurements were conducted using seawater (salinity
30) from the study site that was saturated with air at a temper-
ature of 12°C (oxygen concentration 280 umol L1).

The flow-through method is assembled schematically as
shown in Fig. 1. A core with the sediment sample collected
from an area of investigation is first fixed onto a stand so as to
allow a flow of water through the sediment in the downward
direction. Two types of sediment cores were used for the
demonstration of the method reported here: a cylindrical
Plexiglas core (inner diameter 36 mm, height 200 mm, wall
thickness 3 mm) and a rectangular stainless steel core (inner
dimensions 70 x 75 mm, height 250 mm, wall thickness 2 mm).
The Plexiglas core was equipped with a rubber stopper into
which a valve was incorporated. The removable bottom of the
steel core, also equipped with a valve, contained a depression
(3 mm wide, 1 mm deep) with the dimensions fitting the
dimensions of the core. The depression was filled with sili-
cone, which enabled watertight enclosure immediately after
the collection of the sediment sample.

One side of the steel core contained a polycarbonate win-
dow (dimensions 50 x 150 x 4 mm) glued to the steel by sili-
cone. A semi-transparent planar oxygen optode was glued
onto the polycarbonate plate by silicone grease (Elastosil, E4,
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Fig. 1. Schematic diagram of the (A) experimental configuration and (B) timing protocol of the flow-through method.

Wacker) and the firm and water-resistant attachment was rein-
forced with tape at the foil edges. The foil was inside the core,
enabling the measurement of oxygen in the water and sedi-
ment in direct contact with the wall. Details of the employed
planar optode are given elsewhere (Precht et al. 2004).

The optode measurements were carried out using the MOLLI
system (Holst et al. 1998; Holst and Grunwald 2001). The system
consisted of a fast gateable charge-coupled device (CCD) camera
(SensiCam; PCO), a self-made triggering device, an array of blue
light-emitting diodes (LEDs) (LXHL-LBSC, A = 470 nm;
Lumileds Lighting) with a power supply and a red filter (Amber
red; Lee Filters). The measuring software enabled computer-con-
trolled acquisition of images with high spatial resolution and
desired timing protocol. Oxygen images were calculated using
the rapid lifetime determination method in combination with
Stern-Volmer equation describing lifetime quenching by oxy-
gen (Holst et al. 1998).

High spatial resolution oxygen microprofiles were mea-
sured with an oxygen microelectrode (Revsbech 1989), which
was attached to a micromanipulator placed above the core.
The micromanipulator was fixed onto a motorized stage (VI-80;
Micos), enabling reproducible positioning of the sensor tip
with 1 um precision. The microelectrode was connected to a
high-precision picoammeter, and the meter output was col-
lected by a data-acquisition card (AI-16XE-50, data box CB68-LP;
National Instruments). The microprofiling was facilitated by a
computer program.

During the measurements, a constant water level above
the sediment surface was maintained by a pump regulated by
a float lever connected to an electrical switch. The overlying
water was kept air-saturated by continuous bubbling with air.

When the permeability of the studied sediment permitted
the flow of water solely due to gravity, a valve was used to reg-
ulate the speed of water percolation. When the sediment was
less permeable, the valve was opened fully and a pump was
used to suck the water through the sediment.

Basic theory—Each measurement of OCR consisted of two
stages. In the first stage, referred to as the “flow-on” period,
the sediment was percolated with air-saturated water. Subse-
quently, the percolation was stopped (this period is referred to
as the “flow-off” period), and the decrease of oxygen in the
sediment was recorded (Fig. 1B).

According to the diffusion equation, the rate of decrease of
oxygen in the sediment during the flow-off period is deter-
mined by (1) the local oxygen consumption rate, denoted as
R, and (2) the local concentration variations, mathematically
expressed by the diffusion term DAc, where A denotes the
Laplacian operator, and D is the diffusion coefficient of oxy-
gen in the sediment (Crank 1975). The percolation speed and
the duration of the flow-on period of the measurement are
selected so that a steady and approximately homogeneous dis-
tribution of oxygen is reached in the sediment. This is an
important experimental condition, as it guarantees that the
diffusive term DAc is zero or negligible in comparison with
the local consumption rate R at the time when the flow-off
period starts. If R is distributed inhomogeneously, local con-
centration gradients will develop, leading to the measured
decrease of oxygen being influenced by the diffusion. There-
fore, the local OCR was evaluated as the initial slope of the
measured decrease of oxygen concentration.

An alternative approach for determining the depth profile of
OCR is based on the theoretical description of the oxygen trans-

77



Polerecky et al.

port in permeable sediments driven mainly by advection. Under
steady flow during the flow-on period, oxygen dissolved in the
percolating water is respired on the way through the sediment. In
aregion of thickness Az located at depth z of the sediment, the bal-
ance of the dissolved oxygen concentration, ¢, can be written as

ve(z + A7) = v,e(2) = - PAAZR(2) M

where v, is the flow rate in m3s-!, R(z) is the local OCR (note that
R > O refers to oxygen consumption, whereas R < 0 would repre-
sent oxygen production) in mol m=s-!, ¢ is the porosity, and A
is the area of the horizontal cross-section in m?. This equation
formulates that the amount of oxygen being transported by
water flow at depth z + Az is reduced in comparison to that
transported at depth z by an amount consumed in the volume
AV = ¢AAz with the consumption rate R(z), which is assumed to
be constant in the depth interval between z and z + Az.

Considering that the depth difference, Az, is infinitesimal
and v, is constant with depth, Eq. 1 can be rewritten in the
form of a differential equation

_iac(z)

= 2
oA 2 R(z) 2

which is a one-dimensional equation describing the variation
of an oxygen concentration profile in the sediment in a sta-
tionary situation, i.e., dc(z)/dt = 0, where constant advection is
the dominant transport mechanism, i.e., D dc/dz << v, c(z) 7 A.
From this equation, it follows that the depth profile of OCR
can be determined from the derivative of a stationary oxygen
profile during the flow-on period.

Measurement procedure—The measurement of the OCR pro-
file was realized by four different approaches.

1. O,(t) measured at discrete depths by microelectrode. An
oxygen microelectrode was positioned at a specific depth in
the sediment and the decrease of oxygen during the flow-off
period was recorded. The duration of this period depended on
the local oxygen consumption activity of the sediment, and
was dynamically selected so that the observed decrease of
oxygen was sufficient for precise determination of the slope
(typically a couple of minutes). The local OCR was deter-
mined as an initial slope of the observed oxygen decrease,
obtained by regression analysis. The microelectrode was then
repositioned, and the procedure was repeated until a com-
plete OCR profile was measured.

2. Continuous O, profiling by microelectrode. Oxygen
microprofiles were measured continuously by a microelec-
trode during the flow-off period (Epping et al. 1999). The OCR
profile was determined by subtracting oxygen concentrations
measured at different times at individual depths and dividing
each value of Ac(z) by the time interval between the subse-
quent oxygen readings. This subtraction was carried out only
for nonzero oxygen readings.

3. Continuous O, imaging by planar optode. Continuous
oxygen imaging was facilitated by the MOLLI system. During
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the flow-off period, oxygen images were recorded until a sig-
nificant decrease of oxygen was observed in each pixel (typi-
cally for a couple of minutes up to an hour, if the consump-
tion was very slow). The local OCR was determined by
evaluating the initial slope of the oxygen decrease in each pixel,
resulting in a two-dimensional (2D) map of OCR (see text after
the following paragraph).

4. O, profiling by microelectrode during steady-state flow-
on period. Oxygen microprofiles were measured during the
flow-on period at different lateral positions. The depth profile
of OCR was calculated from the steady state oxygen profiles
using Eq. 2, and the known values of the flow speed, porosity,
and the cross-section of the sediment core.

Oxygen images were usually superposed with noise, which,
depending on the optodes used, was up to £5% of air satura-
tion. The noise originated from the acquisition of fluorescence
images by the CCD camera used and the way the oxygen
images were calculated from the raw data (Holst and Grunwald
2001). Such noise levels introduced a complication when
determining the initial slope of the oxygen decrease. In partic-
ular, when the oxygen images were recorded over sufficient
time to ensure that the decrease in oxygen was greater than the
noise level in all pixels, the observed oxygen dynamics could
be already influenced by the diffusion in some pixels while it
was still unaltered in others. This was manifested by the
increase or decrease of the observed slope of the oxygen signal
in the “diffusion-affected” pixels (depending on whether the
pixel is surrounded by a region of a higher or lower consump-
tion activity, respectively), while the linear decrease of oxygen
remained unaltered in the diffusion-unaffected pixels.

To distinguish between these types of behavior with a sta-
tistical measure of significance, the following strategy was
implemented in the pixel-wise determination of the initial
slope. The time evolution of oxygen in a pixel i of the image,
denoted as O,(i;1), was fitted with polynomials between the
zero and fourth orders, i.e., O,(i;t) = P(i;1), or O,(i;t)= P (i;0), .. .,
or O,(i;t)= P (i;1), where P (t) = a,+ a;t + - - - + a,# and each coef-
ficient a, = a,(i) is a function of the pixel position. The param-
eters of the fitting polynomial were obtained by the proce-
dure of minimizing the sum of residues (Kleinbaum and
Kupper 1978), i.e., by minimizing the function yx2(i) =
2V [04i;t) - P(i;t)]?, N being the number of oxygen images
considered in the fitting procedure.

The higher the order of the fitting polynomial, the better the
quality of the fit, i.e., y22 /= ... 2 x;. However, even though
the fit with a higher order polynomial is better than that with
the lower order polynomial, it may not be significantly better.
This consideration of a significant improvement of the fit was
used to decide by which polynomial the observed evolution
O,(i;t) was eventually fitted. The order of the fitting polynomial
was selected as the maximum order K, such that the fit by a
polynomial of any higher order, i.e., P, ..., P,_, was not sig-
nificantly better than the fit by the polynomial P,. The signifi-
cant improvement was determined by a statistical hypothesis
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Fig. 2. (A) Time evolution of the oxygen concentration measured at differ-
ent sediment depths during the flow-off period of the flow-through experi-
ment. (B) Corresponding oxygen consumption rates calculated as the initial
slope of the oxygen decrease, corrected for the sediment porosity. The sub-
scripts w and s refer to the volume of porewater and sediment, respectively.

testing described in textbooks (Sokal and Rohlf 1995), using the
statistical significance level of 0.95. The OCR in the pixel i was
then taken as the initial slope of the fitting polynomial (we refer
to it as the most suitable polynomial), i.e., equal to the coeffi-
cient a (i) when K > 1 or to zero when K = 0. This procedure was
implemented in a program written in Matlab, enabling the cal-
culation of an OCR image within seconds.

Assessment

O,(t) measured at discrete depths by microelectrode—The speed
of the air-saturated water flow through the sediment was
adjusted by the valve to v,= 33 cm’ min' and the sediment was
percolated for 10 min. The flow-off periods were between 4 and
11 min long, and the corresponding time evolutions of oxygen
were recorded at six depths between 5 and 30 mm (Fig. 2A).

The linear decrease of oxygen at each measured depth sug-
gested that the measurements were not influenced by diffu-
sion during the measuring time. The values of OCR, deter-
mined from the slope of O, (i;r) and shown in Fig. 2B, were
expressed per unit of the sediment volume.

One pump-on/off cycle lasted between approximately 15
and 20 min, resulting in the total time necessary to determine
a single OCR profile of just under 2 h. The precision of the
determined OCR values, taken as the standard error of the
slope of the measured O,(r) at each position, was 0.01 to 0.1
umol L' min™. Multiple flow-on/off cycles performed at each
position showed that the measurements were reproducible
with the same or lower variability. The spatial resolution was
rather coarse (5 mm), and the profile was measured only at a
single horizontal location (due to time constrains). A statisti-
cally representative determination of high resolution depth
profiles of OCR would take several days to complete by this

Flow-through method

depth (cm)
(wo) yrdop

0 100 200 300 0O 5 10 15

-1 LA
O, (umol L) R (pmol L min ")

Fig. 3. (A) Oxygen profiles measured during the flow-on (line nr 1) and
flow-off (lines nr 2 to 6) periods of the flow-through measurement. Time
differences between the starting points of profiles 2 to 3, 3to 4, 4 to 5,
and 5 to 6 were 17, 14, 30, and 34 min, respectively. (B) Corresponding
profiles of oxygen consumption rates. Different symbols correspond to
different profile pairs. The subscripts w and s refer to the volume of water
and sediment, respectively.

approach, unless multiple sensors are used simultaneously.

Continuous O, profiling by microelectrode—The approach
based on continuous O, profiling by a microelectrode during
the flow-off period was repeated on the same sediment core,
however, at another horizontal position. Line nr 1 in Fig. 3A
shows that initially, during the flow-on period (flow rate v =
33 cm®min), oxygen was almost homogeneously distributed
in the sediment. During the subsequent flow-off period, oxy-
gen microprofiles were measured in time intervals of 15 to
30 min with a step-size of 2 mm (line nrs 2 to 6 in Fig. 3A).

The procedure described above resulted in OCR profiles
shown in Fig. 3B. The OCR profiles obtained by the subtrac-
tion of different pairs of microprofiles were almost identical.
The same procedure was conducted at another horizontal
location, with similar results (data not shown).

The measured OCR profile is very close to that obtained by
the approach employing the measurement of O,(t) at discrete
depths, while the spatial resolution was improved (2 mm).
However, since the sediment could be profiled, at best, every
=15 min, the individual OCR determinations may include dif-
tfusion artifacts. For example, Fig. 3B shows that the measured
OCR rapidly increases at depths immediately below 3 cm. This
means that local concentration gradients developed during
the measurement, leading to a possibly overestimated value of
the measured OCR. A similar artifact may be observed near the
sediment-water interface, where oxygen may be renewed by
diffusion from the overlying water, thus resulting in a possibly
underestimated value of OCR.

The degree of underestimation or overestimation can be esti-
mated. This is done by approximating the diffusion contribu-
tion as D 0% /dz? =D [c(z + Az) + ¢(z — Az) — 2¢(2)] / AZ?, where ¢(z)
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Fig. 4. Examples of oxygen images during the flow-on (A-D) and flow-
off (E-H) periods of the flow-through experiment. The solid lines at
approximately 1.5 cm indicate the sediment surface. The color-bar on the
right indicates the gradation of oxygen concentrations in pmol L .

is the measured concentration profile and Az is a depth interval.
Using the values from the concentration profile nr 2 around z =
3 cm, Az = 0.4 cm, and the diffusion coefficient in the sediment
of porosity ¢ = 0.45 of D, = 0.9 x 10 cm?s~! (Boudreau 1996),
the diffusive term amounts to =-0.17 umol L' min™. Using the
values from profile nr 5 around z = 0.5 cm and the same D, and
Az, the diffusive term amounts to = 0.54 pmol L' min™. Con-
sequently, a conservative estimation of the inaccuracy of the
measured OCR ranges between approximately —0.2 and 0.6 umol
L min™ for the deeper parts of the sediment (z >3 cm) and for
the locations close to the sediment-water interface (z < 0.5 cm),
respectively. Thus the error induced by diffusion is less than 10%.

Since the OCR values obtained from different pairs of the
measured oxygen profiles were similar, the OCR profile can be
satisfactorily determined by measuring only two sequential pro-
files during the flow-off period. Thus, a depth profile of OCR
between 0 and 4 cm with a spatial resolution of 2 mm could be
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Fig. 5. Examples of time evolutions of oxygen in three selected pixels as
measured by the planar oxygen optode during the flow-on and flow-off
periods. Data denoted as nrs 1, 2, and 3 correspond to selected points
located at depths of 1, 3, and 5 cm of the sediment, respectively. Sym-
bols represent the experimental data, solid lines in the bottom graph the
most suitable fitting polynomial (see text for more details), and dashed
lines indicate the initial slope of oxygen decrease, representing the local
OCR. For data 1, the dashed line is identical with the fitting line.

determined with a needle-type microsensor within 30 to 60 min.

Continuous O, imaging by planar optode—The sediment sam-
ple was collected from the same site using a steel core with a
window containing a planar oxygen optode. Approximately
2/3 of the optode was covered by the sediment and the
remaining 1/3 by the overlying water.

The CCD camera was positioned so that the area of the pla-
nar optode (25 x 150 mm) resulted in an oxygen image of size
80 x 480 pixels, implying a spatial resolution of =300 um. To
minimize the noise of the oxygen images, 4 and 8 sequential
images were averaged, resulting in a temporal resolution of =5
and 10 s during the flow-on and flow-off periods, respectively.

Penetration of oxygen into the sediment during the flow-
on period was observed in real time (see Fig. 4A to 4D). At a
flow speed of 50 cm® min~!, an approximately homogeneous
distribution of oxygen in the sediment was reached after 8
min. Examples of the images recorded during the flow-off
period, which lasted for 40 min, are shown in Fig. 4E to 4H.
To check for the reproducibility of the measurement, the same
procedure was repeated two more times.

Typical examples of time evolutions of the oxygen concen-
tration in three selected pixels of the oxygen images are shown
in Fig. 5. The pixels were selected to demonstrate different
types of oxygen dynamics in the sediment. The data denoted
as nr 1 in the bottom graph depict the decrease of oxygen con-
centration unaltered by diffusion during the entire duration of
the flow-off period. On the other hand, the data denoted as nr
2 and 3 demonstrate how diffusion can increase and decrease
the initial rate of oxygen consumption, respectively.

Figure 5 also shows the results of the fitting procedure. For
example, the order of the most suitable polynomial fitting the
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Fig. 6. Examples of OCR images obtained from three subsequent flow-
through cycles. The color bar to the right of the OCR images indicates the
correspondence between the color and OCR in umol L' min~'. Depth
profiles of OCR, obtained by horizontal averaging of the images, are also
shown (circles, squares, and diamonds correspond to the cycles 1, 2, and 3,
respectively). The error bars represent the horizontal variability of the sed-
iment’s OCR. For clarity, only every fifth vertical data-point is depicted,
i.e., every 1.5 mm.

data nr 1, nr 2, and nr 3 was 1, 3, and 2, respectively. The cor-
responding initial slopes, representing the local OCR, are
depicted by the dashed lines. In addition to the local OCR, the
fitting procedure also revealed the standard deviation of the
initial slope, namely 0.05, 0.5, and 0.25 umol L' min™ for
datanr 1, nr 2, and nr 3, respectively. Thus the precision of the
OCR values in a randomly selected pixel can be conservatively
estimated as = £0.5 umol L' min™.

After the fitting procedure was carried out in every pixel of
the oxygen images, 2D maps of OCR across the entire observed
section of the sediment were obtained (Fig. 6). After averaging
the images in the horizontal direction, depth profiles of OCR
were obtained, as shown in the same figure. The error bars,
obtained as the standard deviations of the OCR values at the
corresponding horizontal section, indicate the variability of
sediment oxygen consumption over small horizontal scales.

The profiles obtained by planar optodes agree well with the
profiles determined by the microelectrode-based approaches
(compare Fig. 6 with Figs. 2 and 3). This demonstrates a consis-
tency of the measurement approaches. The planar optode-based
approach, however, provides a number of benefits.

First, planar optodes enable the acquisition of a large
amount of information during a single flow-on/off cycle of
the flow-through measurement (Fig. 1B). In particular, the
spatial resolution is optimal (=300 um, as compared to 2 to 5 mm
achieved by a microelectrode in approximately the same
measuring time), and both the vertical and horizontal small-
scale variability of oxygen consumption activity of the sedi-
ment can be assessed. Second, since the planar optodes
enable the observation of the oxygen distributions in real
time, the timing of the flow-through measurement can be

Flow-through method
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Fig. 7. (A) Stationary oxygen profiles measured during the flow-on
period at various horizontal positions. (B) Depth profile (symbols) of OCR
obtained as the average of the OCR depth profiles calculated from Eq. 2
and the stationary profiles in A. The corresponding rate of water filtration
through the sediment as a function of oxygen penetration depth z, is
depicted by a solid line.

optimized dynamically.

A drawback of planar optodes is that the signal-to-noise
ratio is lower than that of microelectrodes. This may lead to
less precise OCR values (in the order of = £0.5 umol L' min™,
as mentioned above).

When using a microelectrode, OCR can be determined at any
point in the sediment, which is an advantage in comparison to
the planar optode-based approach, where the measurement is
restricted to the region of the sediment in direct contact with the
optode. The OCR obtained by microelectrodes and planar
optodes are similar, thus wall effects may be assumed to have
been insignificant during this method demonstration.

Another potential drawback related to measurement with
optodes is that the determination of oxygen requires intensive
blue excitation light. If the sediment contains phototactic
microorganisms, the OCR could be altered if light exposure is
long enough to allow for migration of such organisms toward
the wall. Also, if photosynthetic microorganisms were present
in the sediment, oxygen production induced by the measur-
ing light could influence the OCR measurement. However,
such problems could be avoided by the use of optically iso-
lated planar optodes (Glud et al. 1998, 1999b).

O, profiling during steady-state flow-on period—The flow-
through method employing O, profiling by a microelectrode
during the steady-state flow-on period was tested using the
same sediment core characterized with the other microelec-
trode-based approaches. The water flow was, however, signifi-
cantly lowered to v, = 0.25 cm’ min™', which corresponded to
a porewater flow velocity of 3.3 cm h-'. During the flow-on
period, oxygen profiles were determined by a microelectrode
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at different horizontal positions. After approximately 2 h, sta-
tionary oxygen profiles were measured, as shown in Fig. 7A.
Each profile was fitted by a model describing advective trans-
port of oxygen in the sediment (Eq. 2), leading to a depth pro-
file of OCR. These depth profiles were averaged, and the
resulting mean values together with the standard deviations
are shown by symbols in Fig. 7B.

The OCR values agree very well with those obtained by the
alternative microelectrode-based methods described above. The
effect of diffusion, given by the second derivative of the profile
multiplied by the diffusion coefficient, was also evaluated, but
no significant influence on the OCR values was found.

Results obtained under steady flow can also be viewed as
mimicking in situ oxygen profiles. An important parameter
obtained by autonomous in situ profilers is the dynamic pen-
etration depth of oxygen. The question is whether the volu-
metric exchange rate of water through the sediment could be
estimated from this parameter.

Although natural flows are usually more complex (see
below), the advective transport of porewater through many
permeable sediments can be thought of as similar to that dur-
ing the flow-on period of the flow-through measurements.
During the measurement described above, the oxygen pene-
tration depth of =3.7 cm was achieved with the porewater flow
of 3.3 cm h!, or the overlying water flow of 1.5cm h'=15L
m~2h! (see the oxygen profiles in Fig. 7A). Thus, if such a pen-
etration depth was observed by in situ microprofiling, it could
be estimated that approximately 15 L of overlying water is fil-
tered hourly through every m? of the sediment.

If another oxygen penetration depth was measured, additional
“mimicking” measurements would not be necessary. Since the
depth profile of OCR was already measured, advection-governed
oxygen profile and thus the penetration depth can be modeled
from Eq. 2. Denoting the oxygen concentration in the overlying
water by ¢, penetration depth of oxygen by z, and assuming
that the values of the porewater flow and porosity do not vary
with depth, integration of Eq. 2 leads to c,v./ ¢A = ngR(z)dz. Using
this equation, which is nothing but a simple oxygen balance for
a steady-state vertical water flow, v, can be estimated from the
measured z, and OCR profile R(z), or vice versa.

The possible shape of v(z) was calculated from the mea-
sured OCR profile and is shown by a solid line in Fig. 7B.
When OCR is approximately constant (depths between O and
3 cm), the oxygen penetration depth increases roughly lin-
early with the flow rate. At 6 L, m_2 h™, it reaches 3 cm, i.e.,
approximately 6 L of overlying water is filtered hourly
through every m? of sediment when oxygen penetrates 3 cm
deep. OCR rapidly increases below 3 cm and, consequently,
the oxygen penetration depth is much less sensitive to the
flow rate. For example, even though v.doubles from =7.5 L
m_?h™ to =15 L, m2>h™, the penetration of oxygen increases
only by as little as 5 mm (from =3.3 to =3.8 cm).

These observations suggest that in situ filtration rates of the
sediment (porewater flow rates) could be estimated from OCR
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profiles when in situ oxygen penetration depths are also mea-
sured. This could be an interesting and attractive application
of the flow-through method, since in situ filtration rates in
permeable sediments have only been determined thus far by
elaborate measurements of the displacement of an indicator
(e.g., fluorescent dye or iodide) injected into the sediment
(Precht and Huettel 2004; Reimers et al. 2004). One should,
however, bear in mind the difference between the simple
down-flow implemented in the flow-through method and the
more complex water exchange in natural sediments (se¢ Shum
1992; Shum and Sundby 1996; Huettel et al. 1996; Precht et al.
2004 for more on this topic).

The patterns of oxygen distributions resulting from the
complex water exchange in permeable sediments can be deter-
mined in two dimensions (Precht et al. 2004; Wenzhofer and
Glud 2004). Provided that the directional field of the porewa-
ter flow is known, or can be, to some extent, reliably estimated,
the model of advective transport expanded to two dimensions
can be used together with the two-dimensional oxygen images
to quantify the flow rate. Specifically, the process would
involve (1) the calculation of the spatial derivative of concen-
tration along the direction of the porewater flow vector, i.e.,
A,c, where 5" ||V, and (2) the calculation of the time deriva-
tive of concentration, dc/dt, determined from oxygen images
acquired at different times. Consequently, neglecting the dif-
fusive transport, the magnitude of the local flow rate (in cm
h™') could be estimated from vf/ ¢A= (dc / ot — R) | V_cI!, where
R is the two-dimensional OCR distribution determined by the
planar optode-based flow-through method. The pursuit of
such an interesting application would, however, require fur-
ther investigation beyond the scope of this article.

Comparison of the flow-through method with the flux and ben-
thic-chamber methods—The flow-through method was com-
pared with the commonly used techniques for the determina-
tion of the areal oxygen consumption rates, i.e., the flux and
benthic-chamber methods, under diffusion-dominated condi-
tions. The purpose of this test was to confirm the consistency
among the methods under well controlled conditions, where
all methods are directly applicable.

The core with the planar optode was filled with sieved sed-
iment of porosity ¢ = 0.45. The water above the sediment was
kept air saturated and stirred with a small propeller attached
to a rotating axis. Stirring was minimal to ensure that trans-
port was entirely diffusive.

Firstly, multiple microprofiles were measured by an oxygen
microelectrode at different horizontal positions across the sed-
iment surface area. The concentrations, which decreased by
23 + 3 pmol L' over the average diffusive boundary layer
thickness of 500 um (measured profiles not shown), were fit-
ted by a diffusive model. Using the diffusion coefficient D =
2 x 105 cm?s7!, the average oxygen flux at the sediment-water
interface was J, = 5.4 + 0.9 umol m~ min-".

The second step consisted of a planar optode-based flow-
through measurement with the flow-on period lasting approxi-
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mately 2 min. At each horizontal position of the calculated OCR
image, the vertical OCR profile was integrated over the penetra-
tion depth of oxygen (=5 mm). The penetration depth was deter-
mined sufficiently long before and after the flow-through mea-
surement, i.e., when oxygen distribution was governed by
diffusion. This way the obtained values could directly be com-
pared with those from the first and next steps (see the following
paragraph). The resulting rates were averaged, leading to a total
areal oxygen uptake rateof /, . =5.0 £ 1.0 pmol m~ min-".

Finally, a measurement mimicking the benthic-chamber
experiment was carried out. Aeration of the overlying water was
stopped and the chamber was closed with a lid. Stirring of the
overlying water continued to maintain the same thickness of
the diffusive boundary layer as during the diffusive flux mea-
surement. The decrease of oxygen in the overlying water was
monitored by an oxygen microelectrode positioned 1 cm above
the sediment surface as well as by the planar optode, which
extended well above the sediment surface. From the decrease,
determined by regression analysis, the volume of the overlying
water and the area of the sediment surface, the oxygen uptake
rate was found tobe J, = 5.3+0.1 umol m? min™.

The obtained values confirm that the three techniques lead to
consistent results, when tested under equivalent, well-controlled,
diffusion-dominated conditions. However, since the flow-
through method determines the potential volumetric OCR
independently of the oxygenation status of the sediment, its
applicability is much broader than that of the flux or benthic-
chamber methods (see Discussion for more on this topic).

It should be noticed that the standard deviation of the oxy-
gen uptake rate obtained by the benthic-chamber method was
approximately 9 to 10 times smaller than that obtained by the
other two methods. This is understandable, as the standard
deviations evaluated for the flux and flow-through methods
represent the small-scale horizontal variability of the sediment
with regard to the oxygen uptake rates, which is averaged by
the benthic-chamber technique.

Effects of water percolation on the measurement—To identify
potential artifacts induced by the percolation of air-saturated
water through the sediment, results obtained by the planar
optode-based approach were further analyzed. The OCR
images and the corresponding depth profiles of OCR displayed
in Fig. 6 demonstrate that the OCR measured in cycle N + 1
were lower than those measured in cycle N in nearly all pixels.
This was a consistently observed effect when the cycles were
measured immediately one after the other. On the other hand,
if the gap between the cycles was much longer, e.g., overnight,
a recovery in the measured OCR to the original values was
observed (data not shown). The effect was much more pro-
nounced in deeper parts of the sediment (below 3 cm in the
example discussed here), which coincided with a distinctly
differently colored sediment (dark gray, almost black), as
opposed to a light-brown sediment of the top 3 cm.

This effect is most likely due to sediment stratification devel-
oped under natural conditions as a result of a highly dynamic,
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advection-driven supply of oxygen into the sediment induced
by waves and tidal pumping. Oxygen penetration depths of 2 to
3 cm are frequently observed by in situ profiler measurements
(Walpersdorf unpubl. data unref.), suggesting that the top sedi-
ment layer is inhabited mainly by aerobically respiring organ-
isms, whereas reduced compounds accumulated in the deeper
sediment. During the flow-through measurement, the pool of
reduced compounds that can be easily oxidized contributed to
the observed OCR in the deeper part of the sediment. As a result
of this chemical oxidation, the size of the pool was reduced,
resulting in the decreased contribution to the OCR observed in
the subsequent measurement. On the other hand, when the
sediment was kept anoxic for a longer time period, the pool
could recover, resulting in a higher observed OCR.

Percolation of the sediment sample with aerated water is a
prerequisite for the method, leading to a possible flushing out
of compounds dissolved in the porewater from the sediment.
Furthermore, rather lengthy percolation periods are required
when a microelectrode-based approach is employed. This may
lead to a possible underestimation of the real oxygen con-
sumption activity, as discussed above. However, as shown in
Fig. 6, these effects are not significant in the part of the sedi-
ment that is naturally exposed to oxic conditions, which is the
zone of primary interest.

Reimers et al. (2004) recently reported that the areal con-
sumption rate of the same sediment volume could be
enhanced by an increased percolation rate. Greater dispersion
and penetration of oxygenated water into anoxic microenvi-
ronments within heterogeneous sediment at higher flow rates
was suggested as a possible cause of this effect. Our mea-
surements support this view, although additional experiments
would be needed to exclude the possibility that respiration
activities of microorganisms are enhanced by higher porewater
flow rates. Using planar optodes, it was possible to monitor in
real time the distribution of oxygen in the sediment. When
OCR at some regions (not necessarily microscopic) of the sedi-
ment exceeded the supply of oxygen by the percolation at a
specific flow rate, the regions remained anoxic. This would
result in effectively zero potential volumetric OCR in these
regions, leading after integration to lower areal OCR. If the
tlow rate was increased until the entire sediment in front of the
optode was oxic, the subsequently calculated OCR image
showed significantly higher rates at these regions. Therefore,
when sufficiently high percolation rates are used, the flow-
through method provides an estimate of the maximum areal
OCR. The percolation could, however, be modified to reflect
the porewater flow conditions observed in situ (if such data
exist), thus providing an estimate of the total oxygen uptake by
the sediment experiencing close to natural conditions.

Comments and recommendations

The flow-through method is, in principle, a laboratory
technique and cannot easily be applied in situ. However, since
the experimental setup can be relatively easily assembled, it can
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Table 1. Duration, spatial resolution, and precision of the different approaches of the flow-through measurement for a typical 3 to
4 cm vertical OCR profile determined by an oxygen microelectrode (ME) or planar optode (PO)

Measurement time Spatial Precision
Measurement approach of one OCR profile resolution (mm) (umol L' min™)
O,(?) at discrete depths (ME) 2h 2to 5 0.01 to 0.1
Continuous O, profiling (ME) 30 to 60 min 2 0.5
Continuous O, imaging (PO) 20 to 30 min 0.3 0.5
O, profiling during steady flow (ME) 2to4h 2 0.5

be used as a field technique enabling the measurement imme-
diately after the collection of the sample from a studied site.

The measurement procedure is simple, and the software tools
providing the subsequent analysis of the results were designed so
that they could be operated by a trained nonspecialist. Only
minimal instrumentation (a micropositioner, an oxygen micro-
electrode, and a data acquisition system) is required when the
approach based on O,(t) measurements at discrete depths is
employed. An additional automated micropositioning setup is
preferable if the approaches based on continuous O, profiling
during the flow-on or flow-off periods are used. With the access
to a lifetime imaging system and planar oxygen optodes, full
benefits of the flow-through method, namely the rapid determi-
nation of OCR in 2D with high spatial resolution, can be
exploited. It is preferable to conduct planar optode mea-
surements under dark conditions or at least at low ambient light
intensities. No special light conditions are required for the
microelectrode-based approach, unless potential photosynthesis
needs to be avoided. Typical merits characterizing each approach
of the flow-through method are summarized in Table 1.

The flow-through method has a distinct advantage over the
flux and benthic-chamber methods, as it quantifies the spatial
distribution of potential oxygen consumption rates independ-
ently of the in situ conditions in the sediment. To determine
actual in situ oxygen uptake rates, the results must be com-
bined with information gathered when in situ oxygen distri-
butions are measured in the sediment. It is not necessary to
describe or mimic natural levels of flow complexity when
quantifying OCR. It is only necessary to know over what
depth to integrate the OCR profile.

Due to the reliance of the flow-through method on supple-
mentary information provided by benthic in situ profilers, its
application may be costlier in comparison to, e.g., the benthic-
chamber method. However, due to the above-mentioned
advantage, the flow-through method provides more accurate
results in sediments with highly dynamic conditions (flow
and oxygen penetration), where the use of benthic-chambers
is limited and the flux method is not applicable.

The use of the flow-through method is limited in sediments
with abundant burrowing and bioirrigating macrofauna. This
is mainly because macrofauna can locally disturb the assess-
ment of the rates by its irregular activity (i.e., water pumping)
during the measurement. Another problem is that the respir-
ing macrofauna can be easily missed if microelectrodes are
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used or if macrofauna are not located in sections of sediment
in contact with planar optodes. Even though the volumetric
respiration rates due to macrofauna can be determined, a
straightforward quantification of areal OCR of the sediment
would be problematic and the benthic-chamber or eddy-
correlation technique would provide more reliable results.

The use of planar optodes facilitates a high spatial resolu-
tion measurement of OCR in two dimensions. This provides
an insight into the sediment and the functional variability of
the processes governing the oxygen uptake, e.g., allows to dif-
ferentiate between the microbial activity and bioturbation or
bioirrigation, which is not possible using the benthic-chamber
or eddy-correlation techniques.

In conclusion, the proposed method provides a feasible
technique for the determination of volumetric oxygen con-
sumption rates with high spatial resolution. The method is
most suitable for permeable sediments, which can be easily
percolated with water and which are naturally exposed to
highly dynamic conditions. Of particular interest are sandy
sediments, such as coral sands, intertidal or subtidal litho-
genous sands, river beds, and seep sediments.
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